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Chapter 1 
 
 
General Introduction 
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 Carbon materials are found in various forms such as graphite, diamond, carbon fibers, 
fullerenes, and carbon nanotubes. Apart from the well-known graphite, carbon can build 
closed and open cages with honeycomb atomic arrangement. First such structure to be 
discovered was the C60 molecule by Kroto et al [1]. Although various carbon cages were 
studied, it was only in 1991, when Iijima observed for the first time tubular carbon 
structures [2]. The carbon nanotubes (CNTs) are consisted of up to several tens of 
graphitic shells (so-called multi-walled carbon nanotubes (MWCNTs)) with adjacent 
shell separation of ~0.34 nm, diameters of ~1 nm and large length/diameter ratio. Two 
years later, Iijima and Ichihashi and Bethune et al. synthesized single-walled carbon 
nanotubes (SWCNTs) [3,4]. Nowadays, MWCNTs and SWCNTs are produced mainly 
by three techniques: arc-discharge, laser-ablation, and catalytic growth [5-7]. The 
synthesized CNTs are also characterized by the measurement such as Raman 
spectrosocpy, electronic, and optical spectroscopies for the nano science and nano 
devices.  
Recently, application and research of nano devices using CNTs have studied by many 
research groups. The CNTs have been attractive for various application fields due to 
their high mechanical strength and chemical stability, high electrical and thermal 
conductivity, and large aspect ratio with naturally formed small diameters [8-10]. 
Particularly, their fascinating electrical and mechanical properties offer a new arena to 
the development of advanced engineering devices materials. And then, I have studied 
the fabrication of the flexible transparent conducting films (TCFs) and electron field 
emitter (FE) with the CNTs films by dip or spray coating method of solution casting 
method.  
  TCFs have various technological applications in electronic devices such as flexible 
display; touch screen, and transparent electrode for liquid crystal display (LCD). Indium 
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tin oxide (ITO) thin films, which have been traditionally used as the TCFs, have a 
serious obstacle in application as flexible TCFs, because sheet resistance drastically 
increases as increasing the bending angle of the ITO film, which originates from crack 
formation in the film [11,12]. By the way, these properties of CNT thin films make them 
suitable replacements for ITO films. The SWCNT network films have high mechanical 
flexibility, relatively cost-effective, and film fabrication at an ambient condition. 
Therefore, the fabrication of SWCNT-based flexible TCFs (SWCNT-TCFs) with the 
desired performance has been actively studied in recent [13-17]. 
And also, field emission display (FED) combines the advantages of conventional 
cathode ray tube (CRT) and liquid crystal display (LCD) and has been extensively 
studied as the next generation display. Therefore, many research groups have studied 
research for fabrication of field emission devices (FEDs) using the CNTs. In particular, 
in the case of the carbon nanotube field emission devices (CNT-FEDs), improvement of 
electron field emission and current stability are an important issue for deriving 
maximum performance of the flat-panel field emission display (FP-FED) devices. But, 
even though CNTs have an excellent material property, there is a problem of electron 
emission degradation and short lifetime. In recently, many research groups have studied 
improving by coating of wide band gap materials (WBGMs) on CNTs tip in order to 
solve a weak point of CNT field emitter [18-21]. Moreover, the research of point 
analyzer source and field emission property using CNTs emitter has been done also.  
Various CNT-based devices have been fabricated by various methods such as direct 
growth, dip coating, suspension filtering, spray coating, and printing method [22-26]. I 
fabricated the carbon nanotube transparent conducting films (CNT-TCFs) and carbon 
nanotube field emission devices (CNT-FEDs) by dip coating or spray coating method. 
The dip-coating and spray-coating method has several advantages in fabricating CNT 
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thin films. The dip-coating method can provide a possibility of scaling-up and to control 
easily of the film thickness by variation of the number of dipping times in CNT-TCFs 
and CNT-FED fabrication process. Furthermore, in the case of CNT-FEDs, no additives 
such as a binder or fritz are necessary in dip coating approach. However, despite of the 
various merits of the dip-coating process, the dip-coating treatments which must be 
done over long time period has poor adhesion between CNTs and substrate. And, the 
spray method has also easy and convenient method to deposit nanotubes for CNT 
devices, which achieve large area deposition for short times [27]. However, the poor 
adhesion of CNTs to the substrate is serious drawbacks to overcome in all both dip and 
spray coating methods.  
Therefore, I have studied for application of CNT-TCFs and CNT-based field emitter 
by dip-coating and spray-coating methods of solution casting method. 
And also, this thesis is constructed as follows. 
In chapter 2, the basic theories and CNTs deposition methods used in this thesis are 
explained. First, the CNTs are introduced from the types and structure of CNTs. Among 
the solution casting method, the dip and spray coating method also are explained. 
Second, I introduced a basic theory of TCFs and electron field emission.  
In chapter 3, I propose for the first time an efficient combination method of the dip- 
and spray-coatings to prepare an optically transparent SWCNT film with high electrical 
conductivity. And also, I found that the combinations of the spray- and dip-coatings 
make a supplementary effect on enhancement in electrical conductivity and optical 
transmittance of SWCNT-TCF, which could be achieved by “bridging effect” of isolated 
conducting pathways. And, I suggest that our approach can provide a new route to 
develop SWCNT-TCF.  
In chapter 4, I discussed the evaluation method of the film performance by 
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introduction of a film property factor using both of the number of interconnected 
SWCNT bundles at intersection points and the coverage on polyethylene terephthalate 
(PET) substrate by SWCNTs. Flexible TCFs were fabricated by dip-coating treatment of 
SWCNTs on a flexible PET film. The amount of coated SWCNTs was simply controlled 
by dipping number. The microscopic film-property factor was in an excellent agreement 
with macroscopic one, especially for a small number of dipping. Therefore, the most 
crucial factor to govern characteristic of the SWCNT-based TCFs should be formation 
of SWCNT-network structure with a large number of intersection points at a minimum 
amount of SWCNT deposit.  
In chapter 5, I have proposed a simple and robust dip-coating method for 
fabricating the CNT field-emitters. And also, I tested several organic solvents, found 
that thin-multiwalled CNTs (t-MWCNTs) were well dispersed in 
N,N-dimethylformamide (DMF) solvent, and showed an optimum vaporization 
condition for dip coating. And, I studied the field emission properties as a function of 
CNTs density. By controlling the number of dipping times, It was able to obtain a 
uniformly CNT-coated film to give rise to the maximum field enhancement factor and 
low turn-on voltage.  
In chapter 6, I have studied the cathode of wide band gap materials (WBGMs) with 
around optimum thickness for carbon nanotube (CNT) plat-panel field emission devices. 
The WBGMs have been identified as particularly suitable materials for enhancement of 
field electron emission property and protective layer of CNT field emitters. This 
improved field emission performance of the hafnium dioxide/thin-multi walled CNTs 
(HfO2/t-MWCNTs) with optimum thickness was especially attributed to the decreased 
work function and the increased electron density of state at Fermi level position of 
t-MWCNTs closer to the conduction band minimum (CBM) of WBGMs. Field electron 
 - 10 - 
emission properties are discovered by the measurement such as the turn-on fields, field 
enhancement factor, current densities, and current stability. In addition, I will illustrate 
the electron emission mechanism at WBGMs/CNTs emitter.  
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Chapter 2 
 
 
Basic Theory  
 - 14 - 
2.1 Basic properties of carbon nanotube (CNT) 
2.1.1 The type of CNT 
 Since their discovery in 1991 by Iijima, carbon nanotube (CNTs) have been great 
interest, both of fundamental point of view and for future application [1]. A carbon 
nanotube is a grapheme sheet rolled into a cylindrical shape. The molecular structure of 
graphite resembles a sheet of chicken wire – a network of hexagonal rings of carbon. 
The CNTs have several types; single-walled or multi-walled type, and rope [2]. A 
single-walled carbon nanotube (SWCNT) is defined by a graphene sheet to be rolled 
into a cylindrical form, while a multi-walled carbon nanotube (MWCNT) is defined by 
several coaxial cylindrical grapheme sheets separated by from one another as shown in 
Figure 2.1.1.1. The SWCNTs can be specified by chiral vectors (n.m) as armchair (n.n), 
zigzag (n,0) and chiral nanotubes [2].  
The diameter of a CNT is an order of nanometer and the length of the CNT can be as 
large as a few μm. This high aspect ratio (the ratio of length of diameter) which can be 
104 to 105 is one of the unique properties of CNTs, as well as the structural diversities 
and mechanical strength. Moreover, the electronic structures of CNTs depend on their 
diameter and chirality, a spiral conformation, without any dopant. The armchair and the 
zigzag SWCNTs are known to be metallic and semiconducting, respectively. The energy 
gap varies from 0 to 1 eV continuously depending on the diameter of zigzag nanotubes.  
This suggests that the ultimate nanoscale semiconductor device could be realized based 
on the CNTs. 
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Figure 2.1.1.1 a) Single-walled carbon nanotube, b) Double-walled carbon nanotube, 
and c) Multi-walled carbon nanotube  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b
(a) 
(b) 
(c)
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2.1.2 Structure of carbon nanotube (CNT) 
2.1.2.1 Atomic structure of CNT 
There are two possible high symmetry structures for nanotubes, known as ‘zigzag’ 
and ‘armchair’. These are illustrated in Fig. 2.1.2.1.1. The terms ‘zigzag’ and ‘armchair’ 
refer to the arrangement of hexagons around the circumference. In practice, it is 
believed that most nanotubes do not have these highly symmetric forms but have 
structure in which the hexagons are arranged helically around the tube axis. These 
structures are generally known as chiral, since they exist in two mirror-related forms. 
The simplest way of specifying the structure of an individual tube is in terms of a 
vector, which we label C, joining two equivalent points on the original graphene lattice. 
Rolling up the sheet such that two end-points of the vector are superimposed produces 
the cylinder. Because of the symmetry of honeycomb lattice, many of the cylinders 
produced in this way will be equivalent, but there is an ‘irreducible wedge’ comprising 
one twelfth of the graphene lattice, within which unique tube structures are defined. It 
shows a small part of this irreducible wedge, with points on the lattice labeled according  
to the notation of Dresselhaus et al [3]. Each pair of integers (n, m) represents a possible 
tube structure. Thus, the vector C can be expressed as C = na1 + ma2, where a1 and a2 
are the unit cell base vectors of the graphene sheet, and m ≤ n. It can be seen from Fig. 
2.1.2.1.1 that m = 0 for all zigzag tubes, while n = m for all armchair tubes. All other 
tubes are chiral. Since | a1 | = | a2 | = 0.246 nm, the magnitude of C in nanometer is  
 
                      )(246.0 22 mnmn ++                   (2.1.2.1.1) 
the diameter is given by   
           
                   π/)(246.0 22 mnmnd t ++=              (2.1.2.1.2) 
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The chiral angle, θ, is given by 
 
                     
)(2
3sin
22
1
mnmn
m
++=
−θ                 (2.1.2.1.3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2.1.1. Graphene layer with atoms labeled using (n, m) notation. Unit vectors 
of the 2D lattice are also shown unit vectors of the 2D lattice are also shown. (zigzag 
(n.0), chiral (n,m), and armchair (5.5) nanotubes) 
 
 
 
chiral 
Zigzag (n, 0) Chiral (n, m) Armchair (n, n) 
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to the notation of Dresselhaus et al [3]. Each pair of integers (n, m) represents a possible 
tube structure. Thus, the vector C can be expressed as C = na1 + ma2, where a1 and a2 
are the unit cell base vectors of the graphene sheet, and m ≤ n. It can be seen from Fig. 
2.1.2.1.1 that m = 0 for all zigzag tubes, while n = m for all armchair tubes. All other 
tubes are chiral. Since | a1 | = | a2 | = 0.246 nm, the magnitude of C in nanometer is  
 
                      )(246.0 22 mnmn ++                   (2.1.2.1.1) 
the diameter is given by   
           
                   π/)(246.0 22 mnmnd t ++=              (2.1.2.1.2) 
 
The chiral angle, θ, is given by 
 
                     
)(2
3sin
22
1
mnmn
m
++=
−θ                 (2.1.2.1.3) 
 
 
2.1.2.2 Electronic band structure of carbon nanotubes 
The band structure of the ‘‘rolled-up’’ SWNTs can be studied in a good 
approximation within the tight-binding model in the zone-folding scheme [4]. The band 
structure of a single graphene sheet is considered as a starting point. The unit cell of the 
sheet contains two carbon atoms, each carbon atom having four valence electrons. 
Therefore, a tight-binding model yields eight bands: four valence bands and four 
conduction bands. One s orbital and two in-plane p orbitals of each carbon atom are 
sp2-hybridized. Due to the different symmetry of the sp2-hybridized orbitals and pz 
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orbitals, the matrix elements of the Hamiltonian and the overlap matrix elements 
between such orbitals vanish. The sp2-hybridized orbitals form the so-called σ valence 
bands and σ* conduction bands. The pz orbitals of the carbon atoms, oriented 
perpendicularly to the sheet (z-direction), form the π valence band and the π* 
conduction band. Therefore, the problem for the band structure of a graphite sheet 
conveniently splits into a problem for the σ and σ* bands, and a problem for the π and 
π* bands. The resulting band structure of graphene (Fig. 2.1.2.2.1) is characterized with 
π and π* bands degenerate at the K points in the hexagonal Brillouin zone of the sheet. 
This degenerate energy level corresponds to the Fermi energy, which shows that the 
graphene sheet is a zero-gap metal.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2.2.1. The electronic band structure of a graphene sheet calculated within a 
π-band tight-binding model. The valence π and conduction π* bands show degeneracy 
at the K points in the Brillouin zone at the Fermi level. 
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On rolling-up a graphene strip into a cylindrical nanotube, the band structure of the 
nanotube can be derived from that of the graphene sheet by the zone-folding method. 
The one-dimensional (1D) band structure of a (n, m) nanotube is given by the 
zone-folding relation by use of the two-dimensional band structure of graphene. 
 
                       Ekμ = E2D(kK2/lK2l+μK1)                   (2.1.2.2.1) 
 
Here k is the 1D wave vector (-πT < k < π/T, T the translation period of the nanotube) 
and μ is a discrete quantum number (μ = 1, 2, . . ., N, where N is the number of carbon 
pairs in the unit cell of the nanotube). The vectors K1 and K2 are expressed through the 
reciprocal lattice vectors b1 and b2 of the graphene sheet as  
 
                 K1 = (-t2b2+t1b2)/N and K2 = (mb1-nb2)/N             (2.1.2.2.2) 
 
The 1D band structure of a given SWCNT consists of the 2D band structure of the 
graphene sheet along N lines along K2 in the 2D Brillouin zone of the sheet as shown in 
Figures 2.1.2.2.1 and 2.1.2.2.2. If for a given nanotube one of these lines passes through 
a K point of this zone, the band structure of the nanotube will be characterized by a zero 
energy gap. If for a given nanotube none of these lines passes through a K point, the 
tube will have a finite energy gap. In the former case the tube is metallic and in the 
latter case it is semiconducting. 
In the zone-folding approach, a tube is metallic is n–m is a multiple of 3 and 
semiconducting if n–m is not a multiple of 3 [5-7] (Fig. 2.1.2.2.3.). The π-tight-binding 
model within the zone-folding scheme provides an approximate picture of the band 
 - 21 - 
structure of the SWCNTs near the Fermi level. It totally ignores the effects of deviation 
from pure sp2 hybridization due to tube curvature. This deviation leads to mixing of s 
and p bands, which is significant for small diameter tubes. σ- and 
π-non-orthogonal-tight-binding calculations for the optimized nanotube structure show 
that only tubes (n, n) are metallic (zero-gap semiconductors), tubes (n, m) with n–m, 
which is a multiple of 3, are small gap semiconductors, and all other tubes are large gap 
semiconductors [8]. An initio pseudo-potential DFT LDA calculations [9] reveal that 
strong rehybridization effects can occur in small radius nanotubes, which significantly 
alters their electronic structure. In the case of zigzag (n, 0) nanotubes (n = 6, . . ., 9), a 
singly-degenerate band was calculated lower than with the tight-binding model. For a  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2.2.2. The allowed wave vectors in the Brillouin zones (5,5) armchair and 
(9,0) zigzag nanotubes 
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(6, 0) nanotube, this band crosses the highest valence band, predicting this tube to be 
metallic. For the nanotubes (7, 0) and (7, 0), only narrowing of the band gap was 
observed but for (9, 0) the band gap increased.  
  For tubes with diameters larger than 1 nm, the rehybridization effects were 
unimportant. The structural optimization of the nanotubes had little effect on the band 
structure. Tubes with diameters larger than 0.4 nm were found to be stable. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2.2.3. Electronic band structure of nanotubes (a) (5, 5), (b) (9, 0) and (c) (10, 
0) derived by zone-folding of the band structure of the graphene sheet; (a) is the 
nearest-neighbor C–C separation and γ = 2.9 eV.  
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2.1.2.3 Electronic structure of CNTs 
Electronic band structure calculations predict that the (n, m) indices determine the 
metallic or semiconducting behavior of CNTs. Zigzag (n, 0) CNTs (θ = 0) should have 
two distinct types of behavior: the tube will be zero-gap semiconductor, when n/3 is an 
integer, and otherwise semiconductors with a finite band gap. As Ch rotates away from 
(n, 0), chiral (n, m) CNTs are possible with electronic properties similar to the zigzag 
tubes; that is, when (n-m)/3 is an integer, the tubes are metallic, and otherwise 
semiconducting. The gaps of the semiconducting (n, 0) and (n, m) tubes should depend 
inversely on diameter. Finally, when Ch rotates 30° relative to (n, 0), θ  = 30°, n = m. 
The (n, n) armchair tubes are expected to be truly metallic with band crossings at kz = ± 
2/3 of the one-dimensional Brillouin zone [10]. 
The intriguing electrical properties of CNTs are due to the peculiar electronic 
structure of graphene (a layer of graphite). Its band structure and the hexagonal shape of 
its first Brillouin zone are shown in Fig. 2.1.2.3.3. The valence π and conduction π* 
states are seen to join at six points lying at the Fermi energy (Fermi points). In most 
directions in k-space, as in the Γ−Μ direction, the electrons encounter a 
semiconductor-like band gap. In the Γ−Κ direction and in five other directions that pass 
through the Fermi points, or K-points, the electrons have free motion, and the graphene 
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Figure 2.1.2.3.1. Graphene layer with atoms labeled using (n, m) notation. Unit vectors 
of the 2D lattice are also shown. 
 
 
behaves as a metal. 
In CNTs, we need to take into account the confinement of the electrons around the 
circumference of the CNT. This is accomplished by introducing a new quantization 
condition, namely kcCh = 2πq, where kc is the wave vector in the circumferential 
direction, and q, an integer. 
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Figure 2.1.2.3.2. Schematic theoretical model for a SWNT with the tube axis a1 normal 
to : (a) θ  = 30° (‘armchair’ nanotube) as (5, 5), (b) θ  = 0° (‘zigzag’ nanotube) as (9, 
0), (c) general direction with 0<⎟θ⎟<30° (‘chiral’ nanotube) as (10, 5). All nanotubes are 
appropriately capped in the figure. 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2.3.3. Band-structure of the 2D graphene sheet in 3D representation (top) and 
the projected Brillouin zone of graphene sheet (bottom).  
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In other words, the momentum is quantized along the circumferential direction due to 
periodic boundary condition. Thus, each band of graphene (σ, σ*, π, π*) splits into a 
number of one-dimensional (1D) sub-bands labeled by q. Therefore, only a particular 
set of states, which are parallel to the corresponding tube axis with a spacing of 2/d, are 
allowed. On the basis of this simple scheme, if one of the allowed wave vectors passes 
through a Fermi points of the graphene, the CNT should be metallic, and otherwise it 
should be semiconducting. The real space unit cells and Brillouin zones for (a) the 
armchair tube and (b) the zigzag tube are shown in Fig. 2.1.2.3.4. 
For the (n, n) armchair tube, the allowed wave vectors in the circumferential direction 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1.2.3.4. Unit cells (left panel) and Brillouin zone (right panel) for (a) armchair 
and (b) zigzag tube. The dotted lines indicate the primitive cells, for comparison. 
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are given by following periodic boundary condition. 
 
               n √3 kx a = 2 π q     (where q = 1, 2, … 2n)          (2.1.2.3.1) 
 
In the case of the (5, 5) tube, there are five allowed modes in the x direction, so that 
the one-dimensional energy dispersion relations lie along five lines on either side of the 
center of the Brillouin zone with a further line passing through the center, as shown in 
Fig. 2.1.2.2.2. For armchair tubes, the orientation of the Brillouin zone means that there 
will always be one set of allowed vectors passing through the K point, which leads to 
the conclusion that all armchair tubes are metallic. The energy dispersion relation for an 
(5, 5) armchair tube is shown in Fig. 2.1.2.2.3. Each band can be assigned to an 
irreducible representation of the 
D5d point group, and is labeled accordingly in the figure 2.1.2.2.3. The A bands are 
non-degenerate and the E bands are doubly degenerate, so the total number of valence 
bands in this case is 10; the + and – labels denote the unfolded and folded bands 
respectively. It can be seen that the valence and conduction bands meet at a position 
which is two-thirds of the distance from k = 0 to the zone boundary at k = π/a. 
Calculations show that all armchair tubes have a similar band structure.  
On the other hand, for the (n, 0) ziagzag tube the allowed wave vectors can be written 
as follows. 
 
                 n ky a = 2 π q     (where q = 1, 2, … 2n)           (2.1.2.3.2) 
 
Thus, for the (9, 0) tube there are nine lines of allowed wave vectors, as shown in Fig. 
2.1.2.2.2. The energy dispersion relation for this case is shown in Fig. 2.1.2.2.3, where 
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the bands are assigned to an irreducible representation of the D9d point group. There are 
two A bands and eight E bands making a total of 18. The valence and conduction bands 
meet at k = 0, so that in this case the tube is metal. The reason for this is clear from Fig. 
2.1.2.2.3, where it can be seen that one of the lines of allowed wave vectors for this tube 
passes through a K point. This is not the case for all zigzag tubes, and only occur when 
n is divisible by three. Thus, for the (10, 0) tube there is an energy gap between the 
valence and conduction bands at k = 0, as shown in Fig. 2.1.2.2.3, and the tube would be 
expected to be a semiconductor.  
SWCNTs are a quasi one-dimensional material. This one-dimensional nature of the 
nanotube results in several spikes (Van Hove singularities) in the electronic density of 
states (EDOS). 
One intriguing property of the EDOS is that these sub-band peak positions are 
uniquely determined by a diameter and chirality of the carbon nanotubes. We show the 
results for tight binding calculations of the EDOS for the (10,0) and (9,0) in Fig. 
2.1.2.2.3 (a, b) and (c) sub-band energy gaps for the n=8 to 11 armchair tubes under 
consideration here (Fermi energy EF = 0 eV).  
In spite of similar diameter of (10, 0) and (9, 0) zigzag nanotubes, we see the 
significant different peak positions in the sub-band energies. We note that (10, 0) 
nanotube is a semiconductor with a finite size of the band gap, whereas (9, 0) nanotube 
is a metal or zero-gap semiconductor, i.e., a finite state near the Fermi level. As the 
nanotube diameter increases in the armchair tubes, the singularities move closer together. 
In the case of larger diameter tubes, the singularities are merged, become smeared out, 
and the DOS approaches to that of a graphene layer. On the other hand, for small 
diameter nanotubes, the 1D “spikes” in the EDOS are well separated, especially near EF. 
The allowed optical transitions are from vi to ci by selection rules [11,12]. Thus the 
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electronic structures of one-dimensional nanotubes are closely related to the optical 
properties.  
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2.2 Carbon nanotube (CNT) dispersion 
Carbon nanotube (CNT) have received considerable attention from many researchers 
because of their remarkable electrical, mechanical, and thermal properties. The 
electrical properties of CNTs, ranging from semiconducting to metallic, have made 
them excellent candidate materials for novel electronic devices. High Young’s modulus 
and high aspect ratios of CNTs make them useful for reinforcing fibers. The use of 
CNTs in biological application is also being exploited.  
These potential applications are, however, often limited because of their insolubility 
in many solvents due to strong intertube van der Waals interactions and difficulty in 
salvations. Therefore, strategic approaches toward the solubilization of CNTs are 
essential for the applications of CNTs. The studies may open doors in the areas of 
chemistry, materials science, electronics, biochemistry, biology, pharmaceutics, and 
medicine. Mainly two approaches have been proposed for the solubilization/dispersion 
of CNTs. One is a chemical modification of CNTs via covalent bonding, and the other 
one is physical modification via noncovalent bondings.  
 
 
 
 
 
 
 
Figure 2.2.1. Unit cells (left panel) and Brillouin zone (right panel) for (a) armchair and 
(b) zigzag tube. The dotted lines indicate the primitive cells, for comparison. 
 
?
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2.2.1 Physical Modification of Carbon Nanotubes [13] 
The mechanism for the solubilization of SWNTs by the‘solubilizers’is believed to an 
unzipping’ mechanism proposed by Smalley and co-workers.[14] Surfactant micelles, 
aromatic compounds, and synthetic and biological polymers act as solubilizers to 
disperse SWNTs via physical adsorption. Solubilization procedures are simple; SWNTs 
are placed in a solution of a solubilizer and then sonicated with a low-power (or a 
high-power) ultrasonic sonicator. Solubility of SWNTs in a solvent via physical 
modification depends on the type and concentration of the solubilizer and the purity of 
the SWNTs as well. Through solubilization of SWNTs with noncovalent bonding or 
physical adsorption is maintained intrinsic SWNTs properties. The method is applicable 
for as-produced full-length SWNTs and even for the multiwalled carbon nanotubes 
(MWNTs). Physical properties of SWNTs might be controllable by tuning the 
interactions of the solubilizers and SWNTs. 
 
2.2.1.1 Solubilization using surfactants 
Smalley and co-workers have reported the preparation of individually dispersed 
SWNTs by sonication in a micelle of sodium dodecyl sulfate (SDS), followed by 
ultracentrifugation.[15] Weisman et al. have reported that the as-produced SWNTs 
individually dispersed in an aqueous micelle of SDS show photoluminescence in the 
near-IR region.[16] Since their reports, considerable attention has focused on these 
unique optical behaviors.  
SWNTs are dispersed in aqueous micellar solutions of both ionic and nonionic 
surfactans,[17] Such as SDS, sodium dodecylbenzene sulfonate (SDBS), cetyltrimethyl 
ammonium bromide (CTAB), Brij, Tween, and Triton X. Surfactants were initially 
utilized as dispersing agents for the purification of raw carbon materials. A suggested 
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mechanism for the solubilization is encapsulation of SWNTs in the hydrophobic 
interiors of the micelles, which results in stable dispersion. Assembled structure of SDS 
on CNTs has been elucidated from transmission electron microscopic (TEM) 
observations. It is important to understand that surfactants are in dynamic equilibrium 
between the CNTs surfaces and the bulk solution.  
Some biological surfactants are powerful for dispersing SWNTs in water.6e We have 
tested anionic, zwitter ionic, and nonionic bio-surfactants carrying steroid moiety (bile 
salts) and sugar bio-surfactants as well (Figure 2.2.1.1.1).[18] All these compounds 
have been known as membrane protein solubilizers.[19] The chemical structures, 
especially the substitute groups, of the surfactants play significant roles in the 
solubilization of SWNTs. Individual dispersion of the SWNTs is possible at 
concentrations below the cmc of the bio-surfactants. Individually dispersed SWNTs in 
aqueous bio-surfactants show photoluminescence in the near-IR region. Of interest, the 
chirality indices of the SWNTs solubilized by the bio-surfactants depend on the 
chemical structures of the bio-surfactants. Individually dispersed SWNTs in aqueous 
biological surfactant solutions are attractive for biological applications. 
 
 
 
 
 
 
 
 
Figure 2.2.1.1.1 Chemical structure of bile salts and nonionic bio-surfactancts. 
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2.2.2 Chemical Modification of Carbon Nanotubes 
2.2.2.1 Covalent chemistry of the wall of the carbon nanotubes[20] 
As noted above, in certain instances covalent chemistry on the walls of the SWNTs is 
a viable route to soluble material.[21-23]  In fact, the ability to carry out controlled 
(covalent) chemistry on the side walls of the SWNTs is a very important step, and the 
achievement of a systematic and predictable side wall chemistry is likely to be a 
precursor to many of the applications that are currently envisioned for carbon nanotubes. 
[24] We achieved the first covalent side wall chemistry of SWNTs (Figure 2.2.2.1.1) 
when we exposed these solids to a series of aggressive reagents,[25] but it was not until 
we employed carbene reactions on the s-s-SWNTs using phenyl (bromodichloromethyl) 
mercury in toluene that we were able to demonstrate the expected modification of the 
band electronic structure of the SWNTs.[26] Characterization of the functionalized 
species is a major difficulty in carbon nanotube chemistry, but in the case of wall 
chemistry, where the band electronic structure is disrupted, solution spectroscopy is a 
powerful tool; Raman spectroscopy has also been used to study the effects of sidewall 
functionalization.[26,27] Dichlorocarbene is an electrophilic reagent that will add to 
deactivated double bonds (Figure 2.2.2.1.2)[28-30] and to fullerenes.[31,32] Electronic 
spectroscopy showed that the band-gap transitions in the semiconducting tubes were 
completely disrupted at a functionalization level of 2% of the available SWNT carbon 
atoms. Apart from the carbene chemistry, a number of other chemical processes have 
been demonstrated on carbon nanotubes (Figure 2.2.2.1.2), including nitrene addition, 
hydrogenation via the Birch reduction,[33] fluorination,[34] alkylation, [35] arylation, 
and 1,3-dipolar cycloaddition.  
While the side walls of the carbon nanotubes were once considered impregnable (like 
the fullerenes), there is now an extensive chemistry[35] and these initial studies suggest 
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that the chemistry of the carbon nanotubes will ultimately rival that of the carbon 
fullerenes. 
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Figure 2.2.2.1 Reaction of AP-SWCNT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.2.2 Sidewall chemistry of SWCNT. 
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2.3 Film formation method of carbon nanotubes (CNTs) 
The formation of films on substrate surface can generally occur in a subtractive or 
additive way by chemical or physical process. In the first class of film formation 
methods, the multicomponent substrate loses some of its constituents on the surface and 
in regions near the surface through chemical or physical action. Films thus obtained are 
in optimal contact with the substrate, but generally have a somewhat altered 
composition compared with the bulk substrate, and are always rather porous. In the case 
additive film formation methods, which represent a very large class, the substrates are 
coated with films by deposition. Such films have in nearly all cases a composition, 
which is different from that of the substrate. Their adhesion is good and in most cases 
they can be made rather compact. The various methods vary considerably in the 
medium used to produce the film, in the required technical equipment, in the rate of film 
formation, in the required substrate temperature and in all the other operations 
performed to reproduce and stabilize the properties of the final coating.  
Certainly one of the most technologically important aspects of sol-gel processing is 
that, prior to gelation, the fluid sol or solution is ideal for preparing thin films by such 
common processes as dipping, spinning, or spraying. Electrophoretic and 
thermophoretic film deposition have also been investigated in several cases. Compared 
to conventional thin film forming processes such as chemical vapor deposition (CVD), 
evaporation, or sputtering, sol-gel film formation requires considerably less equipment 
and is potentially less expansive; however the most important advantage of sol-gel 
processing over conventional coating methods is the ability to control precisely the 
microstructure of the deposited film, i.e., the pore volume, pore size, and surface area.  
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2.3.1 Dip coating method [36] 
 
 
          
         (A) 
          
 
           
 
          
 
          (B) 
            
 
 
 
Fig. 2.3.1.1. Stage of the dip coating process: (a-e) batch; (f) continuous. (B) Detail of 
the liquid flow patterns in area 3 of the continuous process. U is withdrawal speed, S is 
the stagnation points, δ is boundary layer, and h is the thickness of the fluid films. From 
Serven [37]. 
 
Thin films formed by a dip-coating process represent the oldest commercial 
application of sol-gel technology. The first patent based on this process was issued to 
Jenaer Glaswerk Schott & Gen. in 1939 for silica films [38]. Today sol-gel coatings are 
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being studied for a diverse range of applications including protective coatings, 
passivation layers, ferroelectrics, sensors and membranes [39]. In excellent review of 
dip coating, Scriven divided the batch dip coating process into five stages: immersion, 
start-up, deposition, drainage, and evaporation [37]. (See Fig. 2.3.1.1) With volatile 
solvents, such as alcohol, evaporation normally accompanies the start-up, deposition, 
and drainage steps. The continuous dip coating process (shown in Fig. 2.3.1.1.f) is 
simpler because it separates immersion from the other stages, essentially eliminates 
start-up, and “hides” drainage in the deposited film. The dip coating method can provide 
a possibility of scaling-up in devices fabrication process and the easy control of the film 
thickness by variation of the number of dipping times. Despite the various merits of the 
dip-coating process, the dip-coating treatment must be done over long time period. 
 The moving substrate entrains liquid in a fluid mechanical boundary layer carrying 
some of the liquid toward the deposition region, 3, where the boundary carrying some 
of the liquid toward the deposition layer split in two (Fig. 2.3.1.1.B). The inner layer 
moves upward with the substrate, while the outer layer is returned to the batch. The 
thickness of the deposited film is related to the position of the streamline dividing the 
upward- and downward-moving layers. A competition between the as many as six 
forces in the film deposition region governs the film thickness and position of the 
streamline: (1) viscous drag upward on the liquid by the moving substrate, (2) force of 
gravity, (3) resultant force of surface tension in the concavely curved meniscus, (4) 
inertial force of the boundary layer liquid arriving at the deposition region, (5) surface 
tension gradient, and (6) the disjoining or conjoining pressure (important for films less 
than 1μm thick) [37].  
In dip coating, the substrate is normally withdrawn vertically from the coating bath at 
a constant speed Uo (see Fig. 2.3.1.2) [40]. The moving substrate entrains the liquid in a 
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viscous boundary layer that splits in two at the free surface (point S in Fig. 2.3.1.2), 
returning the outer layer to the bath. Since the solvent is evaporating and draining, the 
entrained film acquires an approximate wedge shape that terminates in a well-defined 
drying line (x = 0 in Fig. 2.3.1.1). When the upward moving flux is balanced by that due 
to evaporation, the film position and shape of the film profile remain steady with respect 
to the coating bath surface. Within the thinning film, the inorganic species are 
progressively concentrated by evaporation, leading to aggregation, gelation, and final 
drying to form a type of a dry gel or xeogel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3.1.2. Schematic of the steady-state dip-coating process, showing the sequential 
stages of structural development that result from draining accompanied by solvent 
evaporation and continued condensation reactions. 
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When the liquid viscosity (η) and substrate speed (U) are high enough to lower the 
curvature of the meniscus, then the deposited film thickness (h) is the thickness that 
balances the viscous drag (∝ηU/h) and gravity force (ρgh): [40] 
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η=                           (2.3.1.1) 
 
where the proportionality constant, c1, is about 0.8 for Newtonian liquids [40]. When 
the substrate speed and liquid viscosity are not high enough, as is often the case in 
sol-gel processing, this balance is modulated by the ratio of viscous drag to liquid-vapor 
surface tension (γLV) according to the following relationship derived by Landau and 
Levich: [41] 
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or rearranging terms: 
                   
                   )(/)(94.0 6/12 3 gUh LV ργη=                  (2.3.1.3) 
 
  Although the above expression was developed for pure fluids, several studies of 
sol-gel dip-coating have verified the h ∝ U03/2 relationship predicted by Eq. 2.3.1.3 [42], 
suggesting that the entrainment of inorganic species has little effect on the 
hydrodynamics of dip-coating, at least at the early stages of deposition where the 
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entrained sol is quite dilute. Thus, some insight into sol-gel film deposition may be 
gained by closer examination of the details of gravitational draining and evaporation of 
pure and binary fluids as revealed by imaging ellipsometry [43] and fluorescence 
imaging [44] of the steady state film profile (see Fig. 2.3.1.3). Imaging ellipsometry 
allows the in situ determination of film thickness h and film refractive index n over the 
complete film profile. Fluorescence imaging, Fig. 2.3.1.3, uses entrained organic dyes 
as molecular sensors of the progressively changing physical and chemical environments 
created within the thinning film. 
 
 
 
 
 
 
 
 
 
 
 
     
Fig. 2.3.1.3. Schematic of fluorescence imaging apparatus. Organic optical molecules 
are entrained in the depositing film. 
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The applicability of Eq. 2.3.1.3 to sol-gel film formation has been examined in a 
limited number of cases [45-47]. Strawbridge and James determined the relationship 
between coating thickness and viscosity for an acid-catalyzed silicate solution (r = 1.74) 
deposited on glass substrates at speeds, U, ranging from 1 to 15 cm/min [45]. Their 
results are presented in Fig. 2.3.1.4 where they are compared to predict values based on 
a modification of Eq. 2.3.1.1 that takes into account film shrinkage due to evaporation 
and partial sintering. Rather significant discrepancies with the model are observed as the 
substrate speed is increased. Brinker and Ashley investigated the relationship between 
film thickness and withdrawal speed for a variety of silicate sols in which the precursor 
structures ranged from rather weakly branched “polymers” to highly condensed 
particles [46]. Their results plotted in Fig. 2.3.1.5(a) show that, for polymeric systems, h 
varies approximately as U2/3 in accordance with Eqs. 2.3.1.2 and 2.3.1.3 and with 
previous results of Dislich and Hussmann [47]. Plotting logarithm of the product of h  
 
 
 
 
 
 
 
 
 
Fig. 2.3.1.4. Coating thickness verse viscosity at different withdrawal speeds. The curve 
is predictions according to Eq. 2.3.1.1. From Strawbridge and James [45] 
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Fig. 2.3.1.5. (a) Coating thickness versus substrate for a variety of “polymeric” and 
particulate silicate sols plotted according to Eq. 2.3.1.3. From Brinker and Ashley, ref . 
[46]. (b) Product of thickness and refract index (proportional to mass) versus substrate 
speed. From Brinker and Asheley, ref. [46].  
 
 
and refractive index (n ∝ ρ) versus ln U (Fig. 2.2.1.5(b)), provides a better fit to Eqs. 
2.3.1.2 and 2.3.1.3, indicating (mass of film)/(unit area) varies as U2/3 for most 
investigated systems. This appears not to be the case for sols composed of mutually 
repulsive, monosized particles. 
 Several other factors may be responsible for deviations from the predicted behavior in 
various pH, viscosity regimes. Eq. 2.3.1.3 assume constant Newtonian viscosity and 
ignore the effects of evaporation. Since extended polymers or aggregates exhibit a 
strong concentration dependence of the viscosity and Guinier radius R, the 
concentrating effect of evaporation is expected to progressively increase the viscosity 
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resulting finally in network formation and non-Newtonian behavior. In addition, 
difference between theory and experiment may be caused by nonideal free surface 
behavior where, for example, the surface is nonextensible so that the shear strain, rather 
than shear strain is zero [48]. In both cases the expected result is thicker films than 
predicted by theory.  
 In sol-gel film deposition, evaporation is generally relied upon to solidify the coating. 
The most significant factor in the rate of evaporation is the rate of diffusion of the vapor 
away from the film surface [46]. This in turn depends on the movement of the gas 
within a very thin layer (l ~ 1mm), because even a tiny bit of convention can greatly 
enhance diffusion. The rate of evaporation, m, is generally expressed in terms of an 
empirical mass transfer coefficient, k, according to ref. [49]:  
 
                       ( )ie ppkm −=                           (2.3.1.4) 
 
where pe is the partial pressure of the voltatile species in local equilibrium with the 
surface and pi is its partial pressure a distance, l, away. To first approximation the 
evaporation rate is independent of the liquid depth. During dip coating, the movement 
of the substrate can strongly influence the evaporation rate, but in practice k and pe - pi 
are probably dominated by large-scale, uncontrolled currents above the bath [37].  
 Although the composition of the liquid bath may be relatively unaffected by 
evaporation, the much thinner film experiences a substantial increase in concentration. 
The slower the substrate speed, the thinner the film and the greater the overlap of the 
deposition and drying stages. Since condensation and evaporation rates will dictate the 
extent of further cross-linking that accompanies the deposition and drainage stages. The 
evaporation rate can, of course, be controlled by the deposition ambient. We shall see 
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that the condensation rate may be controlled by varying the pH of the coating bath.  
 
 
 
 
 
 
 
 
Fig. 2.3.1.6. Open circles represents thickness profile of drying titanate films 
determined by ellipsometry. The displacement along the film was measured from a 
fiducial point. The dashed line represents a constant evaporation profile with no surface 
tension. The solid line is the profile for gravitational draining with a non-constant 
evaporation rate. Thickness varies as h ~ x0.62. From Hurd (unpublished). 
 
 
 
 
 
 
 
 
Fig. 2.3.1.7. Thickness profile for steady-state gravitational draining with constant 
evaporation and no curvature effect according to Eq. 2.3.1.5. From Hurd and Brinker 
[49]. 
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 The overlap of the deposition and drainage stages has been investigated by Hurd and 
Brinker using an ellipsometric imaging method that allows determination of the 
steady-state thickness and refractive index profile [50,51]. Fig. 2.3.1.6 shows the 
thickness profile of a film deposited from a titania sol at 10 cm/min [50]. The drashed 
line represents the wedge profile expected in general for constant evaporation assuming 
that the rate of mass loss due to evaporation is proportional to the surface area of the 
film. Fig. 2.3.1.7 shows the thickness profile expected fore steady-state gravitational 
draining with constant evaporation and no curvature effects according to ref. [51]: 
 
                      ( )22 3/1 λhhSx −=                          (2.3.1.5) 
 
where the dynamic contact angle is S = m/ρU0 ≈ 10-3, m is the evaporation rate which 
was measured to be about 10-5 g/sec/cm2, and λ = (U0η/ρg)1/2 is a length of order 10 μm. 
(See Eq.2.3.1.1.) The thickness profile in Fig. 2.3.1.7 predicts the expected wedge 
profile seen in Fig. 2.3.1.6, a dynamic constant angle of about 1 milliradian, and a 
height of the drying front X0 = 2λ/3S ≈ 1 cm where h diverges to meet the reservoir-all 
consistent with experiment. However, the curvature is unexpected near he drying front 
where it has a parabolic profile (as expected for gravitational draining with no 
evaporation). Since the shapes of thickness profiles for pure solvents (ethanol, propanol, 
etc.) are qualitatively similar to Fig. 2.3.1.6, the difference between theory and 
experiment is probably not due to effects of the gel network. The most likely 
explanation is that the evaporation rate is not constant along the film due to different 
rates of diffusion of the solvent vapor away from the film’s surface owing to the shape 
of the liquid profile [52,53]. Using a solution of the steady-state diffusion equation 
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analogous to Laplace’s equation for electrostatics [54], Hurd [52] obtains a parabolic 
thickness profile in reasonable agreement with experiment (see Fig. 2.3.1.6).  
 According to Schiven [37], overlap of the deposition and drying stages can cause flow 
driven by a gradient in surface tension (Marangoni effect [55]) that significantly affects 
the drying profile. This phenomenon results from differential evaporation of the more 
volatile components causing a gradient in composition and therefore a potential gradient 
in surface tension.  
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2.3.2 Spray coating method [56] 
 Traditionally, spray coating is not considered to be a CVD process. In spray coating, 
highly dispersed liquids or vapors are allowed are to react on mixing in a humid 
atmosphere or are allowed to undergo pyrolysis. The difference is one of degree: in 
CVD the reactants are in the gas phase whilst in spray coating the reactants can range 
from droplets right down to atom clusters. But, spray coating film is deposited by 
dispersion solution, as shown in Fig. 2.3.2.1. The spray coating method, which is an 
easy and convenient method for devices in room temperature, can achieve large area 
deposition [57]. However, the poor adhesion of between the deposition materials and 
substrate are serious drawbacks to overcome. 
 
 
 
 
  
 
 
 
 
 
 
Fig. 2.3.2.1. Schematic of the spray coating process. Carbon nanotube film is deposited 
on PET substrate. 
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Fig. 2.3.2.2. Schematic representation of the deposition processes initiated with 
increasing substrate temperature. 
 
 
 
Such reactions are of great practical interest since in some cases large surfaces can be 
coated without protection against air and at relatively low temperature below 500oC 
where a great variety of different substrate may be used.  
 According to Viguie and Spitz, both a chemical and a physical factor determine 
whether or not a spray process can be classified as chemical vapor deposition. Processes 
that may occur with increasing temperature are shown schematically in Fig. 2.3.2.2 [58]. 
In process A the droplets reach the substrate, the solvent vaporizes and leaves a dry 
deposit, which will react and form a film.  
 In process B the solvent evaporates before the droplets arrive at the surface and the 
precipitate impinges upon the surface where it reacts. In process C the solvent 
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evaporates as the droplets approach the substrate and the solid precipitate melts then 
vaporizes or sublimes and the vapor diffuses to the substrate where the heterogeneous 
reactions occur; and finally in process D at the highest temperatures the compound to be 
deposited vaporizes before it reaches the substrate surface and a homogeneous chemical 
reaction takes place in the vapor phase. Only process C is true chemical vapour 
deposition and in the case of solvent-free vapours blown to a surface only a 
heterogeneous surface reaction counts as CVD.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3.2.3. Schematic diagram of equipment for chemical spray deposition. 
 
 
In particular the deposition of transparent conducting films based on In2O3, SnO2 or 
on mixtures of both oxides is often done by spray coating. The method is of great 
practical interest because although the area thickness distribution of the deposited films 
is not outstanding, in certain cases both small pieces and also large glass panes can be 
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coated even continuously in air and at low temperatures [59-62]. A schematic diagram 
of modern equipment for spray deposition is shown in Fig. 2.3.2.3. The solution of 
typically chlorides and acetylacetonates in water, butylacetate, butanol or toluene is 
dispersed and transported by means of a carrier gas. Very often air, nitrogen or argon is 
used as a carrier gas depending on the type of reaction. The conversion of the spray 
solution into an aerosol consisting of very fine droplets is usually performed 
pneumatically in the dispersion system. As regards small droplet size, better results are 
obtained using intense ultrasonic agitation to form the aersosol, see for example [63]. 
With increasing ultrasonic frequency the mean diameter of the droplets decreases. 
Compared with droplets produced by a pneumatic transducer, ultrasonically produced 
droplets may be an order of magnitude smaller.  
 
 
 
 
 
 
 
 
 
 
Table. 2.3.2.1. Parameters of spray deposition. 
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 A modern spray deposition process can be described by relatively few parameters such 
as flow of carrier gas Q, concentration of the solution C, solution flow q, droplet radius r, 
distance between nozzle and substrate d, temperature of the gaseous environment Te, 
temperature of the substrates Ts and their speed through the furnace v. Typical values of 
such parameters, according to [58], are listed in Table 2.3.2.1.  
 The spraying method involves a chemical reduction or a hydrolysis reaction between 
the organic or the inorganic highly dispersed starting material and the mixture of carrier 
gas and reactive gas at the heated substrate surface where the expected metal or oxide 
film is formed.  
 
 
 
 
 
 
 
 
 
 
Investigations to make films of other compounds are rare; see for instance [63]. 
Typical conditions for the deposition of spray coatings of some metals and oxides 
[58,63] are listed in Table 2.3.2.2. 
The substrate temperature is a very important parameter. If it is high, the deposition rate 
can usually be increased whereas lower temperature values favour the incorporation 
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Table. 2.3.2.2. Parameters of spray deposition. 
 
 
of reaction by-products into the growing layers. In any case, however, it must clearly be 
lower than the softening point of the glass. In all applications the influence of the 
substrate temperature on the film properties is precisely discussed but the influence of 
the natufe of the glass surface on film properties is only rarely mentioned, although it 
may be important as diffusion source for alkali ions.  
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2.4 Basic of transparent conducting films (TCFs) devices 
Transparent electrode requires having a sheet resistance with 103 Ω/square below and 
transmittance with 80 % upper in visible range of 400 ~ 800nm. Transparent conducting 
films (TCFs) have various technological applications in electronic devices such as 
flexible display, touch screen, digital papers, and transparent electrode for liquid crystal 
display. Indium tin oxide (ITO) thin films have been traditionally used as the TCFs. 
However, high quality ITO is expensive, contains indium that might be too limited in 
supply for widespread use in electronic devices applications, cannot be solution 
processed, and may not have the necessary flexibility for certain applications because 
sheet resistance is increased to originates from crack formation in the film as show in 
Fig. 2.4.1 [64,65]. In addition, the ITO thin films must be deposited at high temperature 
in vacuum and the indium is expensive due to its accelerated depletion. Therefore, it is 
necessary to substitute the ITO with mechanically flexible, more cost-effective, and 
film-forming materials under more practical conditions.  
 
 
 
 
 
 
 
 
 
Fig. 2.4.1 Flexibility of a 1200-nm thick film of laser-SWNT/PET vs ITO/PET [66]. 
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(Two-probe resistance) 
In recent, many research groups have tried to alternate materials of the ITO thin films. 
In particular, CNTs with high electrical and mechanical property could provide a new 
material for development of transparent electrode films.  
 
2.4.1 Two-dimensional random nanowire network [67] 
Various materials have already been developed for plastic, flexible electronics. Most 
are conducting polymers and composites materials that ensure mechanical flexibility 
together with electronic conduction. A random assembly of nanowires on a substrate 
can also be viewed as a new electronic material that offers several fundamental 
advantages for flexible electronics applications. These advantages derive from the 
architecture itself, the attributes of the constituent wires, the ease of fabrication, and 
compatibility with other materials such as polymers.  
 
2.4.1.1. The architecture: a network of nanoscale wires (NWN) as an electronic 
material 
The architecture of the material is illustrated in Fig. 2.4.1.1.1. With components that 
are conductors or semiconductors, such a two dimensional (2D) nanowire network (a 
NANONET, if you wish) is a conducting medium, with several attractive attributes.   
 
1) Electrical conductance: the freeway analogy.  
This value proposition assumes that the conductivity of the wires is large; the larger 
the nanowire conductivity, the better the network conductance. Factors like 
nanowire–nanowire connections (which may limit the conductivity) are also playing 
a role here and have to be optimized. 
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                  (a)                                  (b)        
Fig. 2.4.1.1.1 Nanowire network, Nanonet, architecture: (a) network above the 
percolation threshold, with the pale lines indicating conducting pathways; (b) network 
conductance versus coverage for a random network of wires and dots, both illustrated 
on the figure. 
 
 
2) Electrical conductance: the freeway analogy.  
This value proposition assumes that the conductivity of the wires is large; the 
larger the nanowire conductivity, the better the network conductance. Factors like 
nanowire–nanowire connections (which may limit the conductivity) are also 
playing a role here and have to be optimized.  
3) Optical transparency.  
A network of highly one-dimensional wires has high transparency - approaching 
100% for truly one dimensional wires with an aspect ratio approaching infinity. 
This is in contrast to networks formed of, say, dots (illustrated in Fig. 2.4.1.1.1(b).), 
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where substantial coverage of the surface - and thus small optical transparency – is 
needed for electrical conduction. 
4) Flexibility - the spider web analogy.  
A random network of wires has, as a rule, significantly higher mechanical 
flexibility than that of a film, making the architecture particularly well suited to 
flexibility-requiring applications.  
5) Fault tolerance.  
Breaking a conducting path leaves many others open, and the pathways for 
current flow will be rearranged. This concept, called fault tolerance, is used in 
many areas, from internet networks to networks of power lines. The same concept 
applies here as well.    
5) The individual components.  
The ability to make nearly perfect wires - highly perfect carbon nanotubes and 
the like - often with quality superior than that of thin films, for example. For 
carbon nanotubes high quality translates into high conductivity, thus low electrical 
resistance, and high current carrying capacity. 
 
2.4.2. Carbon nanotube networks (CNTNs) 
For a CNTN the building blocks are SWNTs, wires with diameters comparable to 
hose of DNA strands [68]. The tubes can be grown up to millimeter lengths. They come 
in conducting and semiconducting forms (currently a mixture of these is available) with 
a higher abundance of semiconducting tubes. The conductivities are comparable to 
copper and silicon and exceed those of any conducting polymer by orders of magnitude. 
The tubes are robust, and have excellent mechanical and thermal properties, together 
with strong environmental resistance [69]. The networks are characterized by third types 
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of disorder. The first is topological: above a certain critical density there is a large 
number of conducting pathways, connecting, say, a source and drain electrode, and the 
number of pathways is a strong function of the concentration [70]. Second, the 
individual nanotubes (NTs) are separated by barriers for electron transfer from one tube 
to the next [71]. As expected, due to the relative tube–tube, position-dependent, contact 
between the individual tubes there is a distribution of barrier heights, which leads to a 
second source of randomness. Third, inherent properties of the CNTs have been 
recognized as one major factor in determining the performance of SWCNT-TCFs. 
Electrical properties of individual SWCNTs which depend on chirality and diameter of 
the SWCNTs, play an important role in electrical conductivity of the TCFs [72,73]. 
Highly flexible SWCNT textures are requested as a hopeful applicant of the TCF. The 
defect and purity control of SWCNTs is a key factor to reduce the sheet resistance of the 
TCFs. 
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2.5 Basic of electron field emission theory  
Field emission is defined as the emission of electrons from the surface of a condensed 
phase into another phase, usually a vacuum, under the high electrostatic fields [74,75]. 
The phenomenon consists of the tunneling of electrons through the deformed potential 
barrier at the surface. Thus it differs fundamentally from thermionic emission [76] or 
photoemission, where only electrons with sufficient energy to go over the potential 
barrier are ejected. Fig. 2.5.1 is the schematic diagram for field emission from a metal 
with respective energy distribution of the emitted electrons. 
Consider a semi-infinite metal occupying the half-space from −∞=x  to 0≈x . 
According to the free-electron theory of metals an electron inside the metal sees a 
constant potential. On the other hand, we know from experience that at zero temperature 
a certain minimum energy, equal to the work function Φ, must be supplied to the metal 
before an electron can escape from it. We also know from classical electrostatics that an 
electron situated at a finite distance from the plane surface of a perfect conductor is 
attracted to it, by the well-known “image” force: -e2/4x. Hence, the potential energy of 
the electron on the vacuum side of the metal-vacuum interface is asymptotically given 
by  
 
                          U(x) = EF +Φ e2/4x                       (2.5.1) 
 
where EF is the Fermi energy level. 
When an external electric field E is applied to the surface, a term –eFx is added on 
the right of Eq. 2.5.1. In electron emission experiments E > 0. Therefore, the potential 
energy field seen by an electron in an electron emission experiment is approximated by 
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     U(x) = EF +Φ e2/4x eExx    for x > xc                        (2.5.2)    
     = 0                 for x < xc 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5.1. Schematic diagram for field emission from a metal with energy distribution 
of the emitted electrons. 
 
 
where xc is determined by U(xc) = 0. 
We note that the peak of the barrier described by Eq. 2.5.3 occurs at xmax = (e/4Ex)1/2 and 
has the value 
 
Umax = (EF + Φ e3Ex)1/2                      (2.5.3) 
 
Therefore, an effective work function can be expressed as follows, 
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Φeff = (Φ e3Ex)1/2                         (2.5.4) 
Electron emission easily occurs when the external energy is higher than the effective 
work function. However, quantum mechanically, there exist a possibility of the electron 
penetration through the potential barrier. Fowler-Nordheim obtained the tunneling 
currents from cathode when the electric field is exerted to the gate. 
 
   [ ]22/32 2 /)(exp)( cmAyVEBytAEJ ⎥⎦
⎤⎢⎣
⎡ Φ−Φ=                (2.5.5) 
 
here, 
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where E, Φ, t, m, ηare electric field, work function, Nordheim elliptical function, 
electron mass, and Prank constant, respectively. 
y is Schottky barrier function,  
 
                            Φ×=
− Ey 41079.3                    (2.5.8) 
 
V(y) and t2(y) are known as Nordheim elliptical function and approximated as follows, 
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    1.1)(2 ≈yt                        (2.5.9) 
   22 95.0)( yyV ≈                     (2.5.10) 
Above equation is expressed as a characteristic value of work function, Φ .  In practice, 
these value can be expressed as voltage V and current I. 
 
 I = αJ                          (2.5.11) 
   E = βV                         (2.5.12) 
 
here, α and β are emission area and field enhancement factor, respectively. 
Field enhancement factor is the electric field by the applied force and can be expressed 
as follows, 
 
  β = 1/kr   for contype emitter                 (2.5.13) 
      β = αh/r   for fiber type emitter                (2.5.14) 
 
and k is determined experimentally and r is radius of the electrode and h is height of the 
emitter. 
Substituting the appropriate numerical value for the various constants we find 
 
     )87.9exp()1053.6exp(104.1
2/3
7
22
6
Φ
Φ×−Φ×=
−
V
VI β
αβ             (2.5.15) 
 
By adopting a logarithmic value and one can get linear expression. 
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These values can be experimentally measured. 
This linear expression is called Fowler-Nordheim(F-N) plot. 
By plotting the current-voltage curve, from the gradient and intercept, we can estimate 
emission area and work function. 
 
                        3/28 )1052.3( βm−×−=Φ                     (2.5.19) 
                    )87.9exp(1085.8 2
2
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Φ
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As mentioned above, emission current is controlled by the applied field and work 
function of emission tips. If we want high emission currents, a low work function 
material or a sharp tip or coat tip with a low work function materials are necessary. 
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Chapter 3 
 
 
Flexible Transparent Conducting 
Single-Wall Carbon Nanotube Film  
with Network Bridging Method 
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3.1 Introduction 
Single-wall carbon nanotubes (SWCNTs) have been proposed as a promising 
candidate for various applications owing to their splendid properties [1,2]. In particular, 
their fascinating electrical and mechanical properties could provide a new area for the 
development of advanced engineering materials. Transparent conducting films (TCFs) 
have various technological applications in electronic devices such as flexible display, 
touch screen, and transparent electrode for liquid crystal display. Indium tin oxide (ITO) 
thin films, which have been traditionally used as the TCFs, have a serious obstacle in 
application as flexible TCFs, because sheet resistance drastically increases as increasing 
the bending angle of the ITO film, which originates from crack formation in the film 
[3,4]. In addition, the ITO thin films must be deposited at high temperature in vacuum 
and the indium is expensive due to its accelerated depletion. Therefore, it is necessary to 
substitute the ITO with mechanically flexible, more cost-effective, and film-forming 
materials under more practical conditions. Extensive efforts have been done in the 
development of alternative materials of the ITO thin film. This issue can be resolved 
with SWCNT network film, which has high mechanical flexibility, relatively 
cost-effective, and film fabrication at an ambient condition. Consequently, the 
fabrication of SWCNT-based flexible TCFs (SWCNT-TCFs) with the desired 
performance has been actively studied [5-9]. 
There are two important factors for the fabrication of high-performance 
SWCNT-TCFs. First, inherent properties of the SWCNTs have been recognized as one 
major factor in determining the performance of SWCNT-TCFs. Electrical properties of 
individual SWCNTs which depend on chirality and diameter of the SWCNTs, play an 
important role in electrical conductivity of the TCFs [10,11]. Highly flexible SWCNT 
textures are requested as a hopeful applicant of the TCF. The defect and purity control 
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of SWCNTs is a key factor to reduce the sheet resistance of the TCFs. Second, an 
optimum sparsely-entangled network of the SWCNTs is indispensable to provide 
sufficient transmittance and sheet conductance of the TCFs [3]. The entangled structure 
of the SWCNT film can be controlled by the coating methods and conditions. The 
SWCNT-TCFs have been fabricated by various coating methods such as filtration, 
spray-coating, and dip-coating [6,12-14]. Among the coating methods, the dip-coating 
method has several advantages in fabricating SWCNT thin films. This method can 
provide a possibility of scaling-up in SWCNT-TCF fabrication process and the easy 
control of the film thickness by variation of the number of dipping times. Despite the 
various merits of the dip-coating process, the dip-coating treatment must be done over 
long time period. In addition, a stable dispersion of SWCNTs in a solvent is necessary 
for preparation of the uniform SWCNT film. Accordingly, an extensive study on the 
dispersion of SWCNTs for the dip-coating must be carried out. Recently, Saran et al. 
reported fabrication of thin films of SWCNTs on patterned polyethylene terephthalate 
(PET) substrate by dip-coating method using well dispersed SWCNTs in a surfactant 
solution [4]. However, dip-coating studies using well dispersed SWCNTs with high 
purity are not sufficiently done yet. On the other hand, the spray-coating method offers 
the advantage of a faster coating process, while it gives a loose interbundle contact as 
well as a poor adhesion between SWCNTs and the substrate. Therefore, development of 
a better coating method is highly desired on the basis of sol-gel chemistry. 
In this study, we introduced the dip-coating process to fabricate the SWCNT-TCFs 
using pure PET films without any pretreatment. We chose highly pure SWCNTs to 
minimize the influences by impurities on the electrical conductivity and transmittance 
of the SWCNT-TCFs. In addition, here, we propose for the efficient combination 
method of the dip- and spray-coatings to prepare an optically-transparent SWCNT film 
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of high electrical conductivity. 
 
3.2 Experimental Section 
3. 2. 1. Preparation of SWCNT films  
Purified SWCNTs (ASP-100F) synthesized by arc-discharge method were purchased 
from Iljin Nanotechnology (Republic of Korea). PET film with thickness of 100 μm 
was used as substrate for SWCNT coating. The purified SWCNT powder of 10 mg was 
immersed in dichloroethane (DCE) solvent of 100 mL [15,16]. The SWCNT/DCE 
mixture was sonicated in a bath type sonicator for 500 min at room temperature and 
centrifuged with a speed of 6,800 rpm for 10 min. The supernatant was further sonicated 
for 10 min in order to well disperse the SWCNTs. We used the obtained 
SWCNT-dispersed DCE for dip- and spray-coating processes, as shown in Fig. 3.1(a). 
In dip-coating process, the PET substrate was vertically positioned to a container of the 
SWCNT-dispersed DCE. The PET substrate was immersed in the solution for 2 sec and 
withdrawn upward with a continuous speed of 50 mm/min. After the first dip coating, 
the PET substrate was dried for 5 sec. This coating procedure was repeated in the range 
of 100~400 times. The dip-coating process was conducted in a glove box with Ar 
atmosphere in order to avoid the moisture adsorption in the DCE [16]. The schematic 
representation for the dip-coating procedure is shown in Fig. 3.1(b). In spray-coating 
process, we used conventional spray gun (GP1, Fuso Seiki Co.) with nozzle bore of 
0.35 mm, as shown in Fig. 3.1(c). For spraying of 1 cycle, the SWCNT/DCE solution of 
2 mL was used at room temperature by using Ar pressure of 2 MPa. We fabricated 
microscopically homogeneous SWCNT-TCFs with area of 9 cm2. 
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Fig. 3.1. (a) Photograph of SWCNT-dispersed DCE solution and schematic 
representations for (b) dip-coating and (c) spray-coating processes. 
 
3. 2. 2. Characterization  
Field emission scanning electron microscopy (FE-SEM) and transmission electron 
microscopy (TEM) images were obtained with a JSM-63301 (JEOL) and a JEM3011 
(JEOL), respectively. Thermogravimetric (TG) analysis was performed in oxidative gas 
flow (N2:O2 = 80:20) from room temperature to 1273 K with a heating rate of 5 K/min, 
using a SIIEX STAR-6000. Raman spectrum was obtained using an excitation laser 
with wavelength of 532 nm (JASCO NRS-3100). The diameters of SWCNTs were 
determined by the relation of ω  (cm-1) = 234/d (nm) + 10 for SWCNT bundles, where 
ω and d are the radial breathing mode (RBM) frequency and SWCNT diameter, 
respectively [17,18]. The SWCNT-dispersed DCE solution was coated on the quartz 
substrate in order to obtain absorption spectrum in the wavelength range of 500~2500 
nm by UV-VIS-NIR spectrometer (Cary-5000). The transmittance and sheet resistance 
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of the fabricated SWCNT-TCFs were measured by UV-VIS-NIR spectrometer 
(Cary-5000) in the visible range of 400~800 nm and with 4-point probe system 
(Keitheley 2000 multimeter) at room temperature, respectively. 
 
3.3 Results and Discussion 
Fig. 3.2 shows images of FE-SEM and TEM of the SWCNTs. The SWCNTs are 
mostly bundled and contain a small amount of carbonaceous particles. The bundles are 
randomly entangled each other. Fig. 3.3(a) shows the D-band (1341 cm-1) and G-band 
(1592 cm-1) region in Raman spectrum of the SWCNTs, which originate from 
disordered carbons at defects in graphene sheet and the graphite-like carbons, 
respectively. Therefore, the extremely low intensity ratio of D-band and G-band (ID/IG = 
0.008) reflects a small number of defective structures in the SWCNTs. Inset of Fig. 
3.3(a) presents the RBM band of Raman spectrum for the SWCNTs. The RBM has a 
sharp peak near 170 cm-1 with a shoulder near 180 cm-1, indicating narrow SWCNT 
diameter distribution in a range of 1.4~1.5 nm, which is in contrast to widely used 
HiPco SWCNTs with wide diameter distribution of 0.7~1.4 nm [19,20]. Hence, these 
SWCNTs are more appropriate for production of high conductive networks of high 
transmittance. Fig. 3.3(b) presents UV-VIS-NIR spectrum of SWCNTs film coated on 
quartz substrate after dispersion in DCE solution. The spectrum has three absorption 
bands originating from Van Hove transitions of semiconducting (S11 and S22) and 
metallic (M11) SWCNTs, indicating coexistence of metallic and semiconducting 
SWCNTs [21]. Fig. 3.3(c) shows TG and differential TG (DTG) curves of the SWCNTs. 
The residual amount at 1273 K of TG curve comes from metal oxides. Therefore, 
extremely low residual amount of 1.3 wt% indicates high purity of the SWCNTs. The 
DTG curve shows a sharp peak without stepwise weight-loss, indicating homogeneous 
 - 76 - 
component of the SWCNT sample. The weight-loss of SWCNTs occurs mainly at 953 
K. Since the metal impurities play a catalytic role in gasification of SWCNTs, this high 
burning temperature should come from low metal impurities. Additionally, this high 
burning temperature should be also associated with large SWCNT diameters, because a 
decreased curvature strain of SWCNTs with large diameters results in low reactivity 
with respect to thermal oxidation. Therefore, the SWCNTs used in this study have much 
higher thermal stability, than the HiPco SWCNTs [22,23]. 
 
Fig. 3.2. (a) FE-SEM and (b) TEM images of purified SWCNTs. 
 
 
We examined SWCNT network films on the PET substrate by using both coating 
methods for understanding of the merits of the dip-and spray-coatings. We chose the 
dip- and spray-coated SWCNT-TCFs with a same sheet resistance of 475 Ω/square. Figs. 
3.4(a) and 3.4(b) show the FE-SEM images of SWCNT-TCFs prepared by the dip- and 
spray-coating methods, respectively. Although two SWCNT-TCFs have the same sheet 
resistance, the FE-SEM images clearly show that the spray-coated SWCNT film has a 
finely entangled network, whereas the dip-coated film consists of bolder bundles 
entangled, having more voids. This high SWCNT density on PET substrate should lead 
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to much lower transmittance, as shown in Fig. 3.4(c). Fig. 3.4(d) also presents 
dependences of the sheet resistance and transmittance of SWCNT-TCFs on the coating 
method and the number of dipping and spray times. The sheet resistance and 
transmittance of the SWCNT-TCFs decrease as increasing the number of dipping and 
spray times. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. (a) Raman spectrum, (b) UV-VIS-NIR spectrum for SWCNT film coated on 
quartz substrate after dispersion in DCE, and (c) TG and DTG curves of purified 
SWCNTs. 
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 On the contrary, this relationship clearly shows that the electrical conductivity of 
dip-coated TCF is higher than that of spray-coated TCF at the same optical 
transmittance. This result can be attributed to a more loose contact in intrabundle or 
interbundle junctions of the spray-coated SWCNT networks, compared to dip-coated 
ones. The dip-coating should produce more-mutually oriented bundle fibers, which lead 
to higher electrical conductivity instead of reduction of the optical transmittance. Thus, 
the dip- and spray-coating methods have inherent characteristics for preparation of the 
film. 
 
Fig. 3.4. FE-SEM images of SWCNT-TCFs coated by (a) dip-coating and (b) 
spray-coating methods, (c) transmittances of the dip- and spray- coated SWCNT-TCFs 
with same sheet resistance (475 Ω/square), and (d) dependences of coating method and 
the number of dipping and spray times on sheet resistance and transmittance of 
SWCNT-TCFs. 
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Figures 3.5(a)~3.5(c) present the FE-SEM images of SWCNT network after 
dip-coating treatments whose dipping times are in the range of 100 to 400. With 
increasing the number of dipping times, the number of intersection points in the 
SWCNT network considerably increases, providing effective conducting pathways; this 
increased intersection points in the network structures should enhance the electrical 
conductivity of the SWCNT-TCFs (Fig. 3.4(d)) [3,24].  
The FE-SEM images of the SWCNT film produced by each dip-coating with once 
additional spray-coating are shown in Figs. 3.5(d) ~ 3.5(f). We cannot observe any 
explicit change in the images with the additional spray-coating. However, effect of the 
additional spray-coating can be clearly evidenced by the electrical conductivity change. 
Fig. 3.6 shows the sheet resistances and transmittances of dip-coated SWCNT-TCFs and 
dip-coated ones followed by single spray-coating. With increasing the number of 
dipping times, the sheet resistance of SWCNT-TCFs considerably decreases, which is 
accompanied by slight reduction of the transmittance. It is note worthy that the sheet 
resistance abruptly decreases from 1300 to 475 Ω/square after the 200 times-dipping 
treatments, while the transmittance slightly decreases from 88 to 84 %. This intensive 
reduction in the sheet resistance should be attributed to the formation of the principal 
conducting pathways by increase in the bundle to bundle junction, as shown in Fig. 3.5b. 
This efficient formation of the conducting pathways should be associated with 
wettability of PET substrate. If the substrate can wet nicely with the dip-coating solvent, 
the film extends quickly on the substrate and at the same time the solvent evaporates 
rapidly, removing a well-entangled SWCNT network. We measured the contact angle 
for SWCNT/DCE droplet on the PET substrate. The contact angle for SWCNT/DCE 
droplet on pure PET substrate is about 10o. After the treatment with 100 dipping times, 
the contact angle for SWCNT/DCE droplet abruptly decreases to 3o. 
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Fig. 3.5. FE-SEM images of SWCNT-TCFs: (a) 100 dipping times, (b) 200 dipping 
times, (c) 400 dipping times, (d) 100 dipping times + 1 spray cycle, (e) 200 dipping 
times + 1 spray cycle, and (f) 400 dipping times + 1 spray cycle. 
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Eventually, the contact angle for the droplet on SWCNT-coated PET substrate with 
200 dipping times could not be measured because of its high wettability. Therefore, the 
dramatic reduction in the sheet resistance of SWCNT-TCF coated with the 200 dipping 
times should be caused by the promoted coating efficiency owing to almost prefect 
wettability of DCE/SWCNT solution on the substrate. Therefore, highly sparse and 
entangled SWCNT-network films having high transmittance and low sheet resistance 
can be fabricated by adjusting of the dipping times. Thus, a successive dip-coating gives 
a better film having higher conductivity and optical transmittance than spray-coating. 
The dip-coating method should produce a locally oriented bundle-network structure due 
to the rapid extension and evaporation of the coating liquid film. On the other hand, the 
spray-coating has a merit to produce a randomly distributed SWCNT film.  
Then, the spray-coating can bridge the isolated SWCNT networks efficiently. The 
experimental results support the bridging effect of the spray coating. 
A single additional spray-coating has a dramatic effect on reduction of the sheet 
resistance for SWCNT-TCF treated with 100 dipping times. We obtained the 
transmittance of 80 % and the sheet resistance of 340 Ω/square. The reduction percents 
in the sheet resistance and transmittance are 74 % and 9 %, respectively. Therefore, this 
enhanced electrical conductivity should stem from bridging the isolated conducting 
pathways, which is supported by FE-SEM observation of Fig. 3.5(d). On the other hand, 
for the SWCNT networks with 200~400 dipping times, enhancement ratios of electrical 
conductivity considerably decrease (25~55 %), while the reduction percent of the 
transmittance is not so great (10~12 %). From these results, when concentration of 
conducting pathways is almost saturated by the dip-coating treatment with 200~400 
dipping times, additional spray-coating treatment has a remarkable influences on the 
reduction of the transmittance, whereas it dose not provide pronounced enhancement 
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Fig. 3.6. (a) Transmittances and (b) sheet resistances after additional spray-coating 
treatment on dip-coated SWCNT-TCFs: The open and solid symbols indicate 
SWCNT-TCFs treated by sole dip coating and dip coating followed by additional spray 
coating.results support the bridging effect of the spray-coating.  
 
 
effect in electrical conductivity. Therefore, this result strongly suggests that it is 
necessary to combine an additional spray treatment with dipping one, in order to 
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improve the SWCNT-TCF performance. The transmittance of dip-coated SWCNT-TCF 
with 200 dipping times followed by additional spray-coating is higher than that of 
dip-coated SWCNT-TCF with 400 dipping times at same sheet resistance of 215 
Ω/square. Therefore, this result demonstrates that combination coating treatment is a 
more effective method to simultaneously satisfy both requirements of high electrical 
conductivity and high optical transmittance. 
Fig. 3.7 shows a schematic representation of the combination effect of the dip- and 
spray-coating treatments. In dip-coating process, SWCNTs have a tendency to be 
aligned in parallel to the dipping and withdrawing directions of substrate and additional 
SWCNTs on the further treatment tend to be coated on the SWCNT deposits formed in 
advance. Therefore, the dip coating is fit for formation of quasi one-dimensional routes, 
but not of two-dimensional distribution. For SWCNT-TCFs fabricated by dip-coating 
process, the sheet resistances in dipping direction were 15~20 % lower than those in the 
perpendicular direction. On the other hand, spray-coating has a merit for formation of 
isotropically random network of SWCNTs. Therefore, additional spray-coating 
treatment on dip-coated SWCNT-TCF can efficiently bridge the quasi one-dimensional 
conducting pathways, resulting in enhancement of electrical conductivity without 
drastic drop of optical transmittance. 
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Fig. 3.7. Schematic representation of conducting pathway formation by the dip coating 
combined with the spray coating. Here bars indicate SWCNTs. Red bars form 
conducting pathways, while black bars are isolated each other.
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Chapter 4 
 
 
 
A Film Property Factor of Flexible 
Transparent Conducting Single  
Wall Carbon Nanotube Film  
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4.1 Introduction 
Flexible transparent conducting film (TCF) is technologically important for a 
wearable future display. Although the present indium-tin-oxide (ITO) thin films have 
excellent electrical properties and high optical transmittance, the flexibility upon 
bending is extremely poor. Therefore, development of an alternative material with high 
mechanical flexibility is highly desired. Carbon nanotubes (CNTs) have been recently 
proposed as a hopeful applicant to satisfy the desired flexibility owing to their high 
aspect ratio and excellent elastic property in addition to high electrical conductivity 
[1-3]. Therefore, the fabrication of flexible TCFs with the CNTs has been carried out 
recently. Recent studies showed that the electrical conductivity and optical 
transmittance of CNT films vary, depending on the coating methods and intrinsic 
properties of CNTs [4-10]. In general, the performance of CNT-based TCFs should be 
governed by material-induced factors related to inherent properties of CNTs such as 
purity, defect concentration, and electrical conductivity. Then, the efforts to associate 
the material-induced factor with better performance of the TCF have been done [1,11]. 
However, characteristics of the CNT-based TCFs are still not clear due to lack in 
systematic studies on the relationship between preparation conditions and film 
properties. The performance of CNT-based TCFs depends strongly on the higher order 
structure of CNTs such as the entangled and bundle structures. Therefore, this could be 
evaluated by introducing the film property factor for designing better TCFs. 
In this study, we propose microscopic and macroscopic film property factors for 
evaluation of the TCF performance by using the experimental results on the single-wall 
carbon nanotubes (SWCNTs)-coated TCFs on flexible polyethylene terephthalate (PET) 
film with dip-coating process. 
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4.2. Experimental Section 
Highly pure SWCNTs synthesized by arc discharge process were purchased from Iljin 
Nanotech. The SWCNT diameter is in the range of 1.4 to 1.5 nm with a length of 5 to 
20 μm. Thermogravimetric analysis profile gave 1.3 wt% of metal catalyst. 
The purified SWCNTs were well dispersed in 1,2-dichloroethane (DCE) solvent 
without additives [12,13]. The low vaporization temperature of DCE (83.5℃) is fit for 
more SWCNT deposits on the substrate. The SWCNTs of 10 mg were immersed into 
the DCE solvent of 100 ml. These were further sonicated in a bath type sonicator for 
500 min at room temperature, followed by centrifugation with a speed of 6,800 rpm for 
10 min. The supernatant was decanted and sonicated prior to the film formation. The 
PET substrate was sonicated in acetone for 10 min and then washed with deionized 
water for cleaning the substrate surface. The PET substrate was vertically positioned to 
a container of the SWCNT-dispersed DCE solution and then immersed into the SWCNT 
solution for 2 sec and withdrawn upward with a continuous speed of 50 mm/min. Then, 
the PET substrate was dried for 5 sec. This procedure was repeated in the range of 100 
to 400 times. The dip-coating was conducted in a glove box in Ar atmosphere in order 
to avoid moisture adsorption into the DCE solvent. Field emission scanning electron 
microscopic (FE-SEM) images of SWCNT-based TCFs were obtained with a 
JSM-63301 (JEOL). The electrical conductance was measured using a four-point probe 
method. The optical transmittance was measured using a UV-visible spectrometry 
(Carry 5000) in the range of 400 to 800 nm. 
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4.3. Results and Discussion 
Fig. 4.1 presents the FE-SEM images of SWCNT network films on the PET substrate 
as a function of different dipping number. With increasing the number of dipping, the 
amount of coated SWCNTs considerably increases. However, the coating of the PET 
substrate is not enough after the dipping treatment of 100 times, although the DCE 
droplet is completely wet on the PET substrate. The DCE solvent is easily evaporated 
from the substrate, forming the SWCNTs film on it; the SWCNT film consists of the 
network having  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1. FE-SEM images of SWCNT network film coated with different dipping 
number; (a) 100, (b) 200, (c) 300, and (d) 400 times. 
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many intersection points. The intersection points in the TCF film are a crucial factor for 
good electrical conductivity of the film. The FE-SEM images with the dipping treatment 
show that the number of intersection points increases significantly with the number of 
dipping. The percolation threshold should reach at a minimum amount of SWCNT 
deposits to maximize the optical transmittance [14-16]. 
Fig. 4.2 shows a schematic representation for estimating the film property factor of 
TCFs using the observed FE-SEM images. Fig. 4.2(a) and (b) show an optical image 
and FE-SEM image after 100 dipping times. We defined two factors to govern the 
SWCNT-TCF performance. First, electrical conductance of the film is closely related to 
the intersection points in the SWCNT network; the electrical conductance of the 
SWCNT network film should be briefly proportional to the number of intersection 
points of SWCNT bundles and the number of SWCNT bundles interconnected at the 
intersection point. Therefore, we first define the conductance factor fG as follows. 
                 ∑
=
=
n
i
iG Bf
1
                                     (1) 
where Bi is the number of the interconnected SWCNT bundles (j) at each intersection 
point (i), as illustrated in Fig. 4.2(c). Therefore, fG is the sum of Bi at the intersection 
point (i). Second, absorbance of the film is proportional to coverage of SWCNTs on the 
substrate. Therefore, we also define the absorbance factor fA, which is given by Eq. (2). 
                 Sdlf j
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=
                                (2) 
where lj and dj are length and diameter of the j-th SWCNT bundle in FE-SEM image, 
respectively, as illustrated in Fig. 4.2(d), and S is the total area of the FE-SEM image. 
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Fig. 4.2. (a) Optical image, (b) FE-SEM image after 100 dipping times, and schematic 
representations for determining (c) conductance factor (fG) and (d) absorbance factor 
(fA) in B1 of (b).  
 
Fig. 4.3(a) shows the changes of electrical conductance (G) and optical transmittance 
(T) of dip-coated SWCNT-TCFs with the number of dipping. With increasing the 
number of dipping, the electrical conductance of SWCNT-TCFs increases, accompanied 
by reduction of the optical transmittance, which is ascribed to the increase of the 
number of SWCNT intersection points and coverage of SWCNTs on the substrate. The 
conductance (fG) and absorbance (fA factors determined by Eqs. (1) and (2) are shown in 
Fig. 4.3(b). Since the optical transmittance is inversely proportional to the absorbance, 
the change of fA value with the number of dipping has an opposite tendency to that of T 
value. The higher conductance and transmittance are simultaneously desired for better 
film performance. We need a film property factor including both properties. Then, we 
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define the microscopic film property factor (QMic), as given by Eq. (3). 
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Fig. 4.3. (a) Electrical conductance (G) and optical transmittance (T) and (b) the 
conductance (fG) and absorbance (fA) factors of SWCNT-TCFs as a function of the 
number of dipping. 
 
QMic can be compared with the macroscopic film property factor (QMac) expressed 
with the measured electrical conductance (G) and optical transmittance (T), as given by 
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Eq. (4). 
                  T
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Fig. 4.4 presents the comparison of QMic with QMac as a function of the number of 
dipping. The QMac shows a sharp increase up to 200 dipping times and then decreases at 
300 dipping times. Although the electrical conductance increased, the optical 
transmittance decreased rapidly at a large number of dipping. As a consequence, the 
film performance is degraded. The QMic resembled the QMac in a similar way up to 300 
dipping times. On the  
 
 
 
 
 
 
 
 
 
 
Fig. 4.4. Comparison of the microscopic film property factor (QMic) with macroscopic 
film property factor (QMac) as a function of the number of dipping. 
 
other hand, at a large number of dipping, counting the number of intersection points in 
the SWCNT network becomes ambiguous because these numbers increase very rapidly, 
as shown in Fig. 4.1. Thus the errors to count these numbers dominate, making 
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uncertain of the data point. 
 
4.4. Conclusions 
 In summary, SWCNT-TCFs were fabricated by dip-coating method. Our approach 
of dip-coating method provided reasonable quality of SWCNT-TCF films. The 
microscopic film property factor could be defined by introducing the number of 
interconnected SWCNT bundles at intersection points and coverage of SWCNTs on the 
substrate in FE-SEM images. The microscopically extracted film property factors are in 
good agreements with macroscopically obtained values, especially for a small number 
of dipping. Our results clearly revealed that sparsely entangled random network 
structure with a sufficient number of intersection points and a minimum SWCNT 
coverage is key factor for improving the SWCNT-TCF performance. However, 
dispersion of SWCNTs is also important factor influencing the SWCNT-TCF 
performance. Therefore, the dispersion into individual SWCNTs or smaller bundle size 
is desired to improve the electrical conductance and optical transmittance. Nevertheless, 
we expect that our approach is useful for evaluating the performance of SWCNT-TCFs 
fabricated by the same coating method with the SWCNT-dispersed solution of same 
degree of dispersion. 
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Chapter 5 
 
 
Fabrication of Carbon-Nanotube Field 
Emitter Using a Dip Coating Method 
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5.1 Introduction 
Carbon nanotubes (CNTs) have been attractive for field emitters due to their high 
mechanical strength and chemical stability, high electrical conductivity and thermal 
conductivity, and large aspect ratio with naturally formed small diameters [1]. The 
advent of CNTs made tremendous progress in the fabrication process of cold cathode 
arrays using refractory metals, where cold cathode was fabricated by evaporating 
refractory metals onto micro-hole arrays [2]. CNTs that are naturally formed with small 
diameter of a few tens nanometers, however, can be easily fabricated using simple 
methods such as screen printing, in situ direct growth using chemical vapor deposition 
(CVD), self-assembly, and electrophoresis [3-6]. 
Dip coating method has several advantages over the existing methods in fabricating 
cold cathode field emitters. No additives such as a binder or fritz are necessary in dip 
coating approach. This method can be scalable to large sizes. Yet, well-dispersed CNTs 
are required prior to the dip coating in order to prevent CNTs from being aggregated so 
as to obtain uniform film and hence uniformity in field emission pattern. Moreover, one 
serious drawback was the poor adhesion between CNTs and substrate. In this report, we 
introduce intermediate indium metal layer to anchor strongly CNTs to the substrate. We 
also improve the degree of dispersion by choosing new type CNTs, thin multiwalled 
carbon nanotubes (t-MWCNTs), and at the same time by optimizing the dispersion 
conditions such as sonication and centrifuge in various solvents. We also prove that the 
uniformity and density of t-MWCNTs could be controlled by the number of dipping 
times. 
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5.2 Experimental Section 
We have synthesized t-MWCNTs using a catalytic chemical vapor deposition 
(CCVD) method with FeMoMgO catalyst. FeMoMgO catalysts were prepared by 
combustion synthesis. Aqueous solution of iron nitrate (99.99 %, Aldrich), magnesium 
nitrate (99.99 %, Aldrich), and ammonium molybdate (99.98 %, Aldrich) were mixed 
together. Some amount of citric acid as a foaming and combustion additive were added, 
followed by the mild sonication and stirring. The mixture was directly loaded into the 
furnace and fired at 550 °C for 5 min. The specific surface area of catalysts was 
maximized during this process. After combustion process, the produced foaming 
material was ground using a mortar to make a fine powder. This FeMoMgO powder was 
loaded into the CVD chamber. The oxide powder was reduced by hydrogen gases at 900 
°C for 30 min. The catalyst powder mass was decreased by 37 wt%. Thin MWCNTs 
were then synthesized at the same temperature with a gas mixture of hydrogen and 
methane under an atmospheric pressure. The t-MWCNTs have been known to reveal 
better field emission characteristics compared to the counterpart SWCNTs and 
MWCNTs.  Therefore, we chose t-MWCNTs to prepare CNT field emitter and 
fabricated the t-MWCNT thin film using the dip coating process. We first tested the 
dispersability of CNTs in various organic solvents such as isopropanol (IPA), 
N-methyl-2-pyrrolidinone (NMP), N,N-dimethylformamide (DMF), and dichloroethane 
(DCE). The t-MWCNT powder of 1 mg was immersed in a DMF organic solvent of 100 
ml. These were further sonicated in a bath type for 75 hours at room temperature, 
followed by a centrifuge with a speed of 17000 rpm for 30 min. In fabricating the CNT 
thin film, we first deposited indium metal layer with a thickness of 250 nm on indium 
thin oxide (ITO)-coated glass substrate. This was required to provoke a strong adhesion 
between CNT film and substrate using a thermal evaporator. This substrate was 
 - 101 - 
vertically positioned to a dip coater, as schematically shown in Fig. 5.2(a). The substrate 
was immersed in the solution for 20 sec and withdrawn upward with a continuous speed 
of 10 mm/min. This was repeated several times. After a completion of this process, ITO 
glass was dried with air gun for 10 sec. In order to avoid the moisture contaminant in 
organic solvent, the dip coating was conducted in a glove box with Ar atmosphere. This 
was also necessary to prohibit an aggregation of CNTs on the substrate. Once the CNTs 
were coated on indium-deposited ITO glass, the substrate was annealed to melt the 
indium layer at 350 oC for 10 min. This temperature was lower than the vacuum sealing 
temperature, which is necessary for fabrication of field emission display device. This 
heat-treated process of CNT-coated film can improve adhesion between CNTs and 
electrode. Taping process was applied to all the substrates. Once putting the one edge of 
a commercial 3M tape, we pressed down the tape without air trapped under the tape. 
After covering a whole cathode area with a tape, we pulled up the tape at the same 
speed. The taping process was also necessary to align CNTs perpendicular to the 
substrate and to remove some loosely bound CNTs. By controlling the number of 
dipping times, we were able to obtain a uniformly CNT-coated film to give rise to the 
maximum field enhancement factor and low turn-on voltage. 
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5.3 Results and Discussion 
We have synthesized t-MWCNTs using a catalytic chemical vapor deposition 
(CCVD) method with FeMoMgO catalyst. The number of tube walls were 2 ~ 6 with 
the corresponding diameters of 3 ~ 6 nm. The nanotube lengths were typically an order 
of micrometer [7]. They were rather straight like multiwalled carbon nanotubes 
(MWCNTs) with a large diameter and the bundle size was a few tens nanometers or less, 
much smaller than that of singlewalled carbon nanotubes (SWCNTs), which is 
advantageous for dispersion. The t-MWCNTs revealed an intermediate structural 
characteristic between SWCNTs and typical MWCNTs with diameters of a few tens 
nanometers. The t-MWCNTs have been known to reveal better field emission 
characteristics compared to the counterpart SWCNTs and MWCNTs [8,9]. In the study, 
t-MWCNTs showed a high field enhancement factor like SWCNTs with the long-term 
emission stability comparable to MWCNTs. This indicates that t-MWCNTs are as sharp 
as SWCNT, but as strong as MWCNTs. Therefore, we chose t-MWCNTs to prepare 
CNT field emitter and fabricated the t-MWCNT thin film using the dip coating process, 
and then its field emission property was investigated.  
We first tested the dispersability of CNTs in various organic solvents such as 
isopropanol (IPA), N-methyl-2-pyrrolidinone (NMP), N,N-dimethylformamide (DMF), 
and dichloroethane (DCE) [10-12]. Fig. 5.1 presents the field-emission scanning 
electron microscope (FESEM) images of the spin-coated t-MWCNTs on silicon using 
various organic solvents. The t-MWCNT powder of 1 mg was immersed in an organic 
solvent of 100 ml. These were further sonicated in a bath type for 1000 min at room 
temperature, followed by a centrifuge with a speed of 17000 rpm for 30 min. The 
centrifuge process was necessary to precipitate some large bundles that were not well 
dispersed during sonication. The supernatant was used for fabrication of CNT thin film 
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with a dip coating.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1. FESEM images and photographs (in the inset) for comparison of dispersed 
CNTs in various organic solvents of (a) IPA, (b) NMP, (c) DCE, and (d) DMF.   
 
Fig. 5.1 shows the FESEM images for the CNT films prepared by a spin coating of 
the supernatant on silicon substrate. The transparency of the CNT solution reflects the 
degree of dispersion in the supernatant. The IPA solution shows higher transparency 
than the other solutions, as shown in the inset, suggesting that most aggregated CNTs 
were precipitated during centrifuge. After sonication, most of CNTs were shortened 
compared to lengths of a few micrometers of the pristine CNTs, independent of the 
solvent types. On the other hand, the NMP solution shows relatively less transparency 
than IPA solution and yet the spin-coated CNTs on the substrate were few. Although 
CNTs in the supernatant were well dispersed for both IPA and NMP solutions, some 
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aggregated CNTs were still visible in the FESEM images. The adhesion to the substrate 
was poor in this case. In spite of low mass density of 0.8 g/cm3 in DMF solution 
compared to 1.15 g/cm3 in DCE solution, the transparency of the DMF solution was 
poorer than that of the DCE solution, suggesting better dispersion of CNTs in the DMF 
solution. No agglomerated CNTs were visible for both cases in the FESEM images. 
However, the adhesion was also excellent in the DMF solution. We therefore chose the 
DMF solution for our study. We emphasize here that the dispersion of CNTs in the 
solution is prerequisite for obtaining uniform CNT film. Once the solvent was chosen, 
we further sonicated the CNT solution for 75 hours.  
In fabricating the CNT thin film, we first deposited indium metal layer with a 
thickness of 250 nm on indium thin oxide (ITO)-coated glass substrate. This was 
required to provoke a strong adhesion between CNT film and substrate using a thermal 
evaporator. This substrate was vertically positioned to a dip coater, as schematically 
shown in Fig. 5.2(a). The substrate was immersed in the solution for 20 sec and 
withdrawn upward with a continuous speed of 10 mm/min. This was repeated several 
times. After a completion of this process, ITO glass was dried with air gun for 10 sec. In 
order to avoid the moisture contaminant in organic solvent, the dip coating was 
conducted in a glove box with Ar atmosphere. This was also necessary to prohibit an 
aggregation of CNTs on the substrate. 
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Fig. 5.2. (a) Schematic illustration of the dip coating procedure, (b) the optical 
micrograph and the FESEM image of the CNT film after 160 dipping times.   
 
Figure 5.2(a) is a schematic illustration of the dip-coating procedure. The important 
parameters to control film thickness are in general the withdrawal speed of substrate 
(U0), the solution viscosity (η), gravitational force (g), and the density of the solution (ρ). 
The film thickness H is defined, [13-15] 
 
H = C1 (η U0/ g ρ)1/2 
 
where C1 is a constant. The concentration of the CNTs in the solution can be included in 
C1 and the film thickness in our case was determined by the number of dipping times, 
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once the solvent and other parameters were chosen to be fixed. The principle of the dip 
coating method is quite different from other competing methods. For instance, 
self-assembly method requires the substrate to be specially functionalized and the 
solution to be highly dispersive with surfactants [16]. Electrophoresis method also 
requires surface functionalization and additional external bias to induce adhesion of 
CNTs [17]. Dip-coating method, however, does not require the surface functionalization 
of the substrate without an external bias and the film thickness can be controlled easily 
by choosing an appropriate solvent to disperse CNTs. 
Once the CNTs were coated on indium-deposited ITO glass, the substrate was 
annealed to melt the indium layer at 350 oC for 10 min. This temperature was lower 
than the vacuum sealing temperature, which is necessary for fabrication of field 
emission display device. Indium layer was melted to form small grains that held the 
CNTs tightly to the substrate. Figure 5.2(b) is the optical micrograph and the FESEM 
image of the CNT film after 160 dipping times. We can see clearly no aggregation of 
CNTs and uniformly coated CNTs over the large area of the substrate. It is essential to 
prepare a well-dispersed CNT solution prior to the dip coating for uniform thin-film 
coating without aggregation. We emphasize that the centrifuge is an essential step to 
remove some remaining aggregated CNTs in preparing the CNT solution. 
Once the CNT density is chosen for best dispersion in the DMF solution, we next 
controlled the CNT density on the film by changing the number of dipping times. The 
CNT-coated film was then heat-treated to improve adhesion between CNTs and 
electrode. The taping process was also necessary to align CNTs perpendicular to the 
substrate and to remove some loosely bound CNTs. Figure 5.3(a)-(d) shows the FESEM 
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Fig. 5.3. FESEM images 2of emitter morphology at the dipping of (a) 10 times, (b) 60 
times, (c) 100 times, and (d) 160 times after taping. (e) Change of CNT densities as a 
function of dipping times. 
 
images of CNT morphology at different dipping times after taping. The length of CNTs 
were about 400 ~ 800 nm, which could be seen from the cross section SEM image in the 
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inset. It is clear to see the CNT density increased with increasing the number of dipping 
times. We emphasize that CNTs were uniformly distributed over the substrate, which is 
essential to have uniform emission pattern in the field emission. Fig. 5.3(e) shows that 
the CNT density did not increase up to 60 dipping times followed by a rapid increment 
with further increasing of dipping times. Although indium layer is more hydrophilic 
than ITO surface, as confirmed by contact angle measurements, an initial wetting of 
CNT layers is still required. Once the CNT layers are formed, an over layer deposition 
of CNTs is further accelerated.   
These samples were fabricated in the same manner and their field emission 
characteristics were examined in a diode type with a dc bias inside a vacuum chamber, 
where the base pressure was 7 x 10-7 torr. We also used insulator glass spacer of 500 μm 
thickness. The distance of between cathode and anode is about 500 μm. CNT cathode 
size is 1 x 1 cm2. We carried out high voltage annealing before the characterization. This 
preliminary burning process made the cathode morphology smoother by selectively 
removing unusually longer CNTs and resulted in a uniform emission pattern. The high 
voltage annealing continued until the variation of emission current was negligible. Fig. 
5.4(a) and (b) show the I-V curves (F-N plots in the inset) and the corresponding field 
enhancement factors in terms of the number of dipping times. The emission current 
changed rapidly with the number of dipping times. The turn-on voltage was minimum 
value at around 100 dipping times, whereas the field enhancement factor was maximum 
value at the same dipping times. This variance is closely related to the screening effect 
particularly at high CNT density. The field enhancement factor is defined in principle as 
an aspect ratio of individual nanotube and in general as the ratio of CNT length (l) to the 
separation distance between nanotubes (d). This value will be reduced by the 
field-screening effect when the adjacent CNTs are located too close to each other. It has 
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Fig. 5.4. (a) I-V curves (F-N plots in the inset) and (b) the corresponding field 
enhancement factors in terms of the number of dipping times. The size of the sample 3 x 
6 cm2 and the space thickness was 500 µm with a vacuum pressure of 7 x 10-7 torr. 
 
been reported that the screening effect comes into play, when the l/d is smaller than 1.0 
[18-19]. At the more 130 dipping times, we have nanotube length (l) of 400 ~ 800 nm 
and the separation distance between nanotubes (d) is about 500 nm and thus l/d is over 
1.0, where the screening effect plays a role. This will reduce the field enhancement 
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factor. At low CNT concentration, the field enhancement factor is low because the low 
current density was obtained due to the practical definition of current density, current 
per whole surface area [20]. 
 
5.4 Conclusions 
In summary, we have fabricated CNT field emitters using a dip-coating method. We 
tested several organic solvents, found that CNTs were well dispersed in DMF solution, 
and showed an optimum vaporization condition for dip coating. The CNT adhesion to 
the substrate was markedly improved by melting indium layers on ITO film. By 
controlling the number of dipping times, we were able to obtain a uniformly 
CNT-coated film to give rise to the maximum field enhancement factor and low turn-on 
voltage. This method is easy and cost-effective without out gassing problem compared 
to the existing paste approach. 
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of HfO2 Coated thin-Multiwalled Carbon 
Nanotube emitters by Atomic Layer 
Chemical Vapor Deposition 
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6.1. Introduction 
Improvement of electron field emission and current stability is an important issue 
for deriving maximum performance of the plat-panel field emission display (FED) 
devices. Carbon nanotubes (CNTs) with a high aspect ratio (length to diameter: 103 ~ 
104) and sharp tip-curvature have been proposed as a promising a candidate for the 
excellent electron field emitter.[1-3] For metal with typical work function, the threshold 
field of a flat surface is typically around 104 V/μm, whereas electron emission of the 
CNTs can be easily generated at several ~V/μm by the electron field-enhancing 
properties of tip-like structures.[4,5] Even though the CNTs have a excellent material 
properties, they have serious a problems of electron emission degradation and short life 
time. During the initial operations of devices, electrons are emitted significantly by high 
density and aspect ratios of CNTs. With applying the electric voltage on CNTs, the 
CNTs length are reduced by an occurrence of splitting and stripping induced from joule 
heating at CNTs tip. Therefore, local field of CNTs are reduced and electron emission 
current becomes low. In addition, the interaction between the residual gases in vacuum 
and the field emitted electrons results in the excitation and ionization of these gases. 
The resulting ions and free radicals are accelerated towards the CNTs emitter by 
negatives bias and these impacts become to cause defect and damage to the CNTs 
emitter. The damage of the CNTs emitter by ions induced impact is thought to be 
responsible for emission current degradation, instabilities and subsequent device 
failures in carbon nanotubes field emission disply (CNTs FED).[6,7] In the first research, 
this problems could be resolved by coating of wide band gap materials (WBGDs) on 
CNTs tip such as the magnesium oxide (MgO), nickel oxide (NiO) and silicon dioxide 
(SiO2) with a small electron affinity (EA).[8-11]  
WBGMs have been identified as particularly suitable materials for enhancement of 
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field electron emission property and protective layer of CNT field emitters. First of all, 
increasing of electron transition current of electric voltage and decreasing of effective 
work functions of CNTs at interface between metals and WBGMs can contribute of 
electron emission during devices operation. Moreover, WBGMs can protect from 
adsorption and ion bombardment of residual gas molecules on CNTs tip surface during 
electron emission. Therefore, the damage of CNTs tip surface becomes to reduce and 
stable electron emission can keep for long times. Among the WBGMs, hafnium dioxide 
(HfO2) materials have superior property for CNTs protective layer, such as the chemical 
stability at high temperature, excellent electrical property, high melting point (3056 K), 
dielectric constant value (ε∞=4), electron affinity (EA=2), and large band gap 
(6eV).[12-14] The WBGMs coating of CNTs emitter have been coated in various 
technical methods such as magnetron sputtering system, plasma-assisted chemical vapor 
deposition (PACVD) system, electroless plating technique, and routine chemical method 
by many research group.[15-17] We coated the HfO2 thin films on CNTs by atomic layer 
chemical vapor deposition (ALCVD) systems. Besides, ALCVD systems have several 
advantages in coating for protective thin films. This system can provide a possibility of 
uniform films, excellent step coverage, and the easy control of the film thickness in 
protective layer coating process. However, improvement of electron field emission and 
lifetime of various thicknesses of HfO2 coated thin-multi wall carbon nanotubes 
(t-MWCNTs) by ALCVD system have not yet been reported in any research groups.   
In this study, we introduce the WBGDs-coated t-MWCNTs emitters with various 
thicknesses for enhancement of electron emission current and improvement of current 
stability. The field emission properties of HfO2 coated t-MWCNTs are compared with a 
raw t-MWCNTs emitter. Field electron emission properties are revealed by the 
measurement of the turn-on fields, field enhancement factor, current densities and 
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current stability. In additions, we will illustrate the electron emission mechanism at 
WBGMs/CNTs emitter.  
 
6.2. Experimental Section 
The t-MWCNTs synthesized by a catalytic chemical vapor deposition (CCVD) 
method with FeMoMgO catalyst were purchased from Il Jin Nano Technology 
Company (Republic of Korea). We dispersed t-MWCNTs of 10 mg in the 
dichloroethane (DCE) solvent of 100 ml by ultasonic. The t-MWCNT/DCE mixture was 
sonicated in a bath type sonicator for 500 min at room temperature and centrifuged with 
a speed of 6,800 rpm for 10 min.[18] These were further sonicated one more time for 10 
minute in order to well disperse the t-MWCNTs. We used the well-dispersed 
t-MWCNT/DCE solution for spray-coating processes. In fabrication CNT field emitter, 
indium metal film with thickness of 200 nm was deposited on indium tin oxide (ITO) 
glass using thermal evaporation. This was required to provoke a strong adhesion 
between CNT film and electrode using a thermal evaporator. The t-MWCNT/DCE 
solution of 10 mL was used for spray coating. We fabricated the t-MWCNT field emitter 
with area of 1 × 1 cm2. Coated t-MWCNTs on deposited indium ITO glass were 
annealed to melt the indium layer at 350 oC for 20 min at Ar atmosphere. This annealing 
process of coated t-MWCNTs film can improve adhesion between CNTs and electrode. 
And then, taping process by a commercial tape (3M) was applied to all the substrates. 
After covering a whole cathode area with a tape, we pulled up the tape at the same 
speed. The taping process was also necessary to align CNTs perpendicular to the 
substrate and to remove some loosely bound CNTs. We carried out O2 high voltage 
annealing (HVA) before the electron field emission test in order to reach the stable 
emission condition by uniform t-MWCNTs morphology and use the cathode with 
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similar turn-on voltage values.[19] The O2 HVA process was performed in high vacuum 
chamber with parallel diode-type configuration, at a pressure of ~ 1 × 10-5 torr from 
base pressure of 4 × 10-7 torr. The distance between electrodes was kept fixed at 270 μm, 
while the field emission current was measured using a Keithley 248 source 
measurement unit. All samples were annealed at current density of a 0.1 mA/cm2 for 2 
hours. We fabricated three cathodes with similar turn-on voltage values of nearly ~3 
V/μm. After O2 HVA process, all samples are measured current-voltage (I-V) test in 
base pressure. 
The HfO2 thin film on field emitter uniformly coated with t-MWCNTs was 
deposited by ALCVD system. For the deposition of protective layer on t-MWCNTs, 
t-MWCNTs field emitter samples were treated by ALCVD method conditions using 
tetrakis(ethylmethylamino) hafnium (TEMAH: Hf[N(CH3)C2H5]4) as an hafnium (Hf) 
precursor and dioxygen (O2) as an oxidizer, respectively. For the ALCVD treatment, 
each cycle was composed of four steps as follows. First, a mixture of TEMAH and Ar 
carrier gas (300 sccm) was introduced into the vacuum chamber for 10 s. The chamber 
was purged with Ar (150 sccm) gas flowing for 5 sec. For the formation of the HfOx 
layer, oxygen gas (300 sccm) was flowed for 5 s, and the resulting by-products or 
remnant gases were completely removed by the subsequent purging step using an Ar 
(150 sccm) gas for 5 s.[20] The t-MWCNTs field emitter substrates were treated in an 
ALCVD system for various numbers of cycles (3, 6, and 9 cycles) at 300 °C. The 
thickness of HfO2 protective layer could be finely controlled finely to be in the range of 
4 ~ 12 nm thickness. 
Transmission electron microscopy (TEM) images were obtained with a JEOL 
2010F high-resolution TEM at 200 KeV. The chemical state of HfO2 deposition films 
were investigated by x-ray photoelectron spectroscopy (XPS; PHI Quantum-2000 
 - 118 - 
spectrometer with Al Kα-ray). Raman spectra were obtained using an excitation laser 
with wavelength of 532 nm (JASCO NRS-3100). Field emission property test was 
performed in high vacuum chamber with parallel diode-type configuration, at a base 
pressure of ~ 4 × 10-7 torr. The distance between the HfO2/t-MWCNT cathode and 
phosphorus anode was kept fixed at 270 μm and the field emission current was 
measured using a Keithley 248 source measurement unit. Lastly, we measured field 
emission characteristics, such as a field enhancement factor, turn-on field, current 
density, and current stability test according to thickness of protective layer. 
 
 
 
 
 
 
 
 
 
Fig. 6. 1. The typical HR-TEM images of the (a) raw t-MWCNTs, [(b)–(d)] deposited 
HfO2/t-MWCNTs. 
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6.3. Results and Discussion 
Figure 6.1 shows the typical HRTEM images of the (a) raw t-MWCNTs and [(b)–(d)] 
HfO2 deposited t-MWCNTs. And, Table. 1 shows the elemental distribution profile of 
oxygen (O) and hafnium (Hf) by energy dispersive spectroscopy (EDS) of TEM. The 
tube diameters of t-MWCNTs in Fig. 6.1(a) are in the range of 6 ~ 9 nm with the lengths 
of 10 ~ 20 μm. The t-MWCNTs almost have an amorphous carbon layer and mostly 
probable number of wall is seven. After HfOx deposition on the t-MWCNTs, 
pronounced morphological changes are observed. The thickness of deposited HfOx on 
t-MWCNTs is about 4 nm (±1 nm). HfOx layer of 4 nm by ALCVD can see all around 
the t-MWCNTs surface. The ALCVD treatment was performed at the typical HfOx 
deposition temperature (300 °C) and base pressure (8 torr) using TEMAH as the Hf 
precursor and O2 as an oxidizer. The elemental distribution profiles of the formed HfOx  
 
 
 
 
 
 
 
 
Table 6. 1. The elemental distribution profile of oxygen (O) and hafnium (Hf) by energy 
dispersive spectroscopy (EDS) of TEM. 
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layer on the t-MWCNTs surface were analyzed by TEM-EDS of Table 6.1. The atomic 
percent of the elemental oxygen (OA) and hafnium (HA) is reflected a 2.67 and 1.17, 
respectively. Therefore, the HfO2 protective layer of ~ 4 nm thickness on t-MWCNTs 
could be formed successfully by the treatment for ALCVD of 3 cycles at 300 °C. The 
HfO2 protective layer could be controlled in the range of 4 ~ 12 nm by ALCVD process 
of 3, 6, and 9 cycles. 
In order to investigate the chemical bonding status of the HfO2 layer, XPS 
measurements were performed on the HfO2 deposited t-MWCNTs after deposition of 
HfO2 layer, as shown in Fig. 6.2(a). Figure 6.2(a) shows XPS spectra for Hf 4f (17.65 
eV), Hf 4d (213 and 224 eV), C 1s (284.4 eV), and O 1s (532.2 eV) of core level and 
the valence band levels of deposited HfO2 deposited t-MWCNTs after O2 HVA. After 
the WBGMs deposition, C 1s peak is reduced and O 1s peak is increased. And, the Hf 
4d peaks of inset of Fig. 6.2(a) exhibited two distinctive components, viz. Hf 4d3/2 and 
Hf 4d5/2, whit binding energies of 213 and 224 eV, respectively, which corresponds to 
Hf-O bonding formation.[21] As a XPS results, we expect that the Hf precursor 
chemically coated on the t-MWCNTs surface formed Hf-O bonding with the subsequent 
oxygen injection during the ALCVD process. And, Fig. 6.2(b) shows the D-band (1341 
cm-1) and G-band (1592 cm-1) region in Raman spectrum of t-MWCNTs, such as raw 
t-MWCNTs, O2 HVA t-MWCNTs, and deposited HfO2/t-MWCNTs after O2 HVA. In 
the raw t-MWCNT of Fig. 6.2(b), the ratio of D-band and G-band (ID/IG = 0.3891) 
reflects a small number of defective structures in t-MWCNTs. However, value of ID/IG 
of O2 HVA t-MWCNT is suddenly reflected high ratio (ID/IG = 0.8562) by formation of 
defects and burning of t-MWCNTs. And also, the Raman spectra in deposited 
HfO2/t-MWCNT after O2 HVA present the reductions of ratio of D-band and G-band 
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(ID/IG = 0.5620) by the decreasing of defects. It is expected that the HfO2 layer coated 
on the defective CNTs indicate the reduction of D-band peak.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. 2. (a) XPS measurements of the HfO2/t-MWCNTs after deposition of HfO2 layer, 
(b) The D-band (1341 cm-1) and G-band (1592 cm-1) region in Raman spectrum of 
t-MWCNTs, such as raw t-MWCNTs, O2 HVA t-MWCNTs, and deposited 
HfO2/t-MWCNTs after O2 HVA. 
 - 122 - 
Before the determining of the emission current stability versus time characteristics, 
I-V characteristics of the t-MWCNT cathode were measured. Figure 6.3(a) and 6.3(b) 
show the I-V field emission curves (Turn-on field in the inset) of the cathode with O2 
HVA t-MWCNTs and deposited HfO2/t-MWCNTs after O2 HVA. The field emission  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. 3. The I-V field emission curves (Turn-on field in the inset) of the cathode with 
O2 HVA t-MWCNTs and deposited HfO2/t-MWCNTs after O2 HVA. 
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current density was measured with same t-MWCNTs tip before and after WBGMs 
coating, in order to minimize the sample-to-sample variations. We obtained a low 
emission current density of 0.04 mA/cm2 at 5 V/μm and high turn-on field of 3 V/μm in 
the O2 HVA t-MWCNT cathode. But, for the deposited HfO2/t-MWCNTs after O2 HVA, 
high emission current density with 0.12 mA/cm2 at 5 V/μm and low turn-on field with 2 
V/μm is obtained by the effect of WBGMs on t-MWCNTs. The improvement percents  
 
 
 
 
 
 
 
 
 
 
Fig. 6. 4. The Fowler-Nordheim (F-N) plots the corresponding I-V characteristics for 
the cathode with O2 HVA t-MWCNTs and deposited HfO2/t-MWCNTs after O2 HVA. 
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in the emission current density and turn-on field are an increment of 65 % and a 
reduction of 33 %. Moreover, Figs. 6.4(a) and 6.4(b) shows the Fowler-Nordheim (F-N) 
plots the corresponding I-V characteristics of Fig. 6.3 for the cathode with O2 HVA 
t-MWCNTs and deposited HfO2/t-MWCNTs after O2 HVA.[22] The turn-on field and 
field enhancement factors (β) of uncoated t-MWCNTs and their corresponding 
HfO2–coated t-MWCNTs of the six samples were summarized as illustrated in the Fig. 
6.5.   
 
 
 
 
 
 
 
 
 
 
Fig. 6. 5. (a) The field enhancement factors (β) and (b) turn-on field and of uncoated 
t-MWCNTs and their corresponding HfO2–coated t-MWCNTs of the six samples. 
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By comparing the O2 HVA t-MWCNTs and HfO2/t-MWCNTs with different 
protective layer thickness in Fig. 6.5(a) shows that field enhancement factor have 
highest values for the each 4 nm, 8 nm, and 12 nm thick HfO2-coated t-MWCNTs. 
Furthermore, turn-on field of HfO2/t-MWCNTs with different protective layer thickness 
of Fig. 6.5(b) have values lower than cathode of t-MWCNTs after O2 HVA process. 
Similarly, among the HfO2 coated t-MWCNTs cathodes, the 12 nm-coated t-MWCNTs 
obtain values of highest field enhancement factor and lowest turn-on field. In the 
cathode of t-MWCNTs after O2 HVA, the current density at the 5V/μm obtained values 
of 0.038, 0.048, and 0.043 mA/cm2. And also, the current density of HfO2–coated 
t-MWCNTs at same electric field obtained values of 0.027, 0.063, and 0.129 mA/cm2 at 
each of 4, 8, and 12 nm with protective thickness layer in Fig. 6.3(b). In the 4 nm 
thick-coated t-MWCNTs, the current densities have values lower than raw t-MWCNTs. 
On the other hand, with increasing of protective layer thickness, the current density at 
same electric voltage (5 V/μm) increases. Especially, the current density of 12 nm 
thick-coated t-MWCNTs increases a factor of 3 times. This improvement is closely 
related to the optimum thickness of WBGM on CNTs. It has been reported that the 
optimum thickness of WBGMs comes into play, when it is within the range of 10 ~ 12 
nm. However, the current emission property for very thick protective layer reduced by a 
charge build up at the WBGMs/CNTs interface of electrons supply being limited 
through the WBGMs.[9,23] As a results, electron field emission and field enhancement 
factor have a most excellent values at 12 nm thick-coated WBGMs/t-MWCNTs with 
optimum thickness.  
Figs. 6.6(a)~6(c) shows a field emission illustration and simple band diagram for 
field emission mechanism from WBGMs coated t-MWCNTs cathode. Fig. 6.6(a) shows 
the illustration of field emission using the TEM images of the HfO2 coated t-MWCNTs 
 - 126 - 
emitter. Besides, Fig. 6.6(b) shows the geometry for a field emission of deposited 
WBGMs on sharp t-MWCNTs tip. Generally, WBGMs coated field emitter 
demonstrates higher current densities at lower applied fields, and more uniform 
emission. The simplified band diagram for field emission mechanism of HfO2 coated 
t-MWCNTs emitter at low applied field is shown in Fig. 6.6(c). The important  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. 6. [(a),(b)] The field emission illustration and (c) simple band diagram for field 
emission mechanism from WBGMs coated t-MWCNTs cathode. 
 
 - 127 - 
parameters to band diagram are in general the electron affinity (χ), the barrier height 
(ΦB), work function (Φ), and the voltage drop (ΔV). During the applied high voltage in 
CNTs, potential barrier of HfO2 protective layer is bended by schottky effect. Firstly, 
electrons at Fermi level position of CNTs closer to the conduction band minimum 
(CBM) of WBGMs are injected by tunneling effect from the WBGMs/t-MWCNTs 
interface into the conduction band of HfO2 protective layer. Accordingly, electrons are 
transported by the applied electric field from CBM to vacuum level in WBGMs. Lastly, 
electron field emission occurs from the conduction band maximum (CBM) of HfO2 
layer at the HfO2/vacuum interface; due to a voltage drop (ΔV) across the dielectric 
HfO2 layer, the energy of the emitted electrons is proportional linearly to the applied 
voltage.[24,25] Therefore, WBGMs coated CNTs field emitter can efficiently improve 
the electron field emission and current stability for deriving maximum performance of 
the plat-panel devices. 
 
6.4. Conclusions 
In conclusion, we have studied the field emission property of cathode of wide band 
gap materials (WBGMs) with different thickness by atomic layer chemical vapour 
deposition (ALCVD) system. Electron field emission occurs from the conduction band 
maximum (CBM) of hafnium dioxide (HfO2) layer at the HfO2/vacuum interface; due to 
a voltage drop (ΔV) across the dielectric HfO2 layer, the energy of the emitted electrons 
is proportional linearly to the applied voltage. And also, turn-on field and field 
enhancement factor have a most excellent values at 12 nm thick-coated 
WBGMs/t-MWCNTs with optimum thickness. We could dramatically improve the 
increasing of 65 % of field enhancement factor with a 33 % drop in the turn-on field at 
12 nm thick-coated HfO2/t-MWCNTs with optimum thickness. As a result, we expect 
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that the cathode of WBGMs/CNTs with optimum thickness can excellently provide to 
improve the field emission property and current stability. 
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Chapter 7 
 
 
General Conclusion 
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In this thesis, the characteristic and fabrication of carbon nanotube transparent 
conducting films (CNT-TCFs) and CNT electron field emitter were investigated by dip- 
and spray- coating of solution casting method.  
In chapter 3, the random network films of highly pure single-wall carbon nanotubes 
(SWCNTs) on flexible polyethylene terephthalate (PET) substrate by dip- and 
spray-coatings and their combination method were discussed. The dip-coating treatment 
was a more efficient method for fabricating the SWCNT-TCFs of high electrical 
conductivity without drastic drop in the optical transmittance, compared to the 
spray-coating one. The combination of the spray and dip coatings made a 
supplementary effect for formation of a highly transparent film of better electrical 
conductivity. Therefore, additional spray-coating treatment on dip-coated SWCNT-TCF 
can be efficiently bridged the quasi one-dimensional conducting pathways, resulting in 
enhancement of electrical conductivity without drastic drop of optical transmittance. 
In chapter 4, I propose microscopic and macroscopic film property factors for 
evaluation of the TCF performance by using the experimental results on the 
SWCNTs-coated TCFs on flexible PET film with dip-coating process. The performance 
of the SWCNT-based TCFs is influenced by both electrical conductance and optical 
transmittance. And, I evaluated the film performance by introduction of a film property 
factor using both of the number of interconnected SWCNT bundles at intersection 
points and the coverage of PET substrate by SWCNTs. The microscopic film-property 
factor was in an excellent similarity with macroscopic one, especially for a small 
number of dipping. Therefore, the most crucial factor to govern characteristic of the 
SWCNT-based TCFs should be formation of SWCNT-network structure with a large 
number of intersection points at a minimum amount of SWCNT deposit. 
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In chapter 5, I have proposed a simple and robust dip-coating method for fabricating 
the carbon-nanotube (CNT) field-emitters. I improved the degree of dispersion by 
choosing new type CNTs, thin multiwalled carbon nanotubes (t-MWCNTs), and at the 
same time by optimizing the dispersion conditions such as sonication and centrifuge in 
various solvents. I also showed that could obtain the optimum electron field emission 
property according to the density change of t-MWCNTs by the number of dipping times. 
By controlling the number of dipping times, it was able to obtain a high electron 
emission property at the same ratio of CNT length (l) to the separation distance between 
nanotubes (d) on substrate. It has high value by the reduction of field screening effect 
between nanotubes. And also, this condition has the maximum field enhancement factor 
and low turn-on voltage. Therefore, we should make the same ratio of CNT length (l) to 
the separation distance between nanotubes (d) for the fabrication of high-performed 
CNTs field emitter with high electron emission property.  
In chapter 6, I have studied the cathode of wide band gap materials (WBGMs) with 
around optimum thickness for CNT plat-panel field emission devices. I coated WBGMs 
of hafnium dioxide (HfO2) on t-MWCNTs as a function of different thickness such as 4, 
8 and 12 nm using atomic layer chemical vapor deposition (ALCVD) system. And, I 
measured field emission characteristics, such as a turn-on voltage, field enhancement 
factor, and current stability according to different thickness of WBGMs. As a result, we 
had found that the t-MWCNTs cathode with optimum WBGMs thickness indicated the 
excellent electron field emission. I could dramatically improve the increasing of 65 % of 
field enhancement factor with a 33 % drop in the turn-on field at 12 nm thick-coated 
HfO2/t-MWCNTs with optimum thickness. This improved field emission performance 
of HfO2/t-MWCNTs with optimum thickness was especially attributed to the decreased 
work function and the increased electron density of state at Fermi level position of 
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t-MWCNTs closer to the conduction band minimum (CBM) of WBGMs. Finally, I can 
expect the improvement of electron field emission property and current stability by the 
WBGMs coating of optimum thickness on CNT emitters for CNT back light unit (BLU) 
application.  
I fabricated the CNT TCFs and CNT electron field emitter using the unique CNT 
advantages. And also, I researched about important requirement property for a 
fabrication of the high-performed CNT TCFs and CNT electron field emitter. In recent, 
many research groups have studied an application of alternative material of indium tin 
oxide (ITO) film of traditionally used TCFs and next generation display using the CNTs 
with fascinating electrical and mechanical properties. Therefore, I also have studied the 
CNT TCFs and CNT electron field emitter. On the other hand, we must find the 
important factor and complement point of disadvantages for a fabrication of 
high-performed CNTs application devices. In this thesis, I reported the fabrication of 
CNTs application device and the investigations about improvement requirement 
property of CNT device for a fabrication of high-performed CNTs application devices. I 
also introduced the solution casting method in one among the CNTs coating method and 
CNT dispersion method for a fabrication of the high-performed CNTs application 
devices. This basic knowledge for covering the whole fields of CNTs application device 
are especially necessary for a fabrication of the high-performed CNTs device 
application. Lastly, I hope my study help to improve and fabricate high-performance 
CNTs TCF and CNT electron field emitter. 
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